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ABSTRACT
T h is t h e s i s  i s  c o n cern ed  w ith  th e  im provem ent o f  sem ico n d u cto r  
la s e r  c h a r a c te r is t ic s  u s in g  v a le n c e  band e n g in e er in g . We f ir s t  show  
th a t  th e  com b in a tion  o f  s tr a in  and quantum  c o n fin em en t can  c o n fe r  
c o n s id e r a b le  a d v a n ta g e s  to  lo n g  w a v e le n g th  la s e r s . W ith s u f f ic ie n t  
b u i l t - in  s tr a in , th e  h ig h e s t  h o le  su b b an d  h as a low  e f f e c t iv e  m ass  
and is  w e ll se p a r a te d  from  th e  lo w e r  b and s. The lo w  e f f e c t iv e  m ass  
red u c e s  th e  c a r r ie r  d e n s ity  n e e d e d  fo r  p o p u la t io n  in v e r s io n  and  
le a d s  to  th e  v ir tu a l  e lim in a t io n  o f  tw o  im p ortan t l o s s  m echanism s: 
A uger reco m b in a tio n  and in te r v a le n c e  band a b so r p tio n . We p r o p o se  a 
s p e c if ic  s tr a in e d - la y e r  1.55gm s tr u c tu r e  th a t  can  red u ce  th e  
th r e sh o ld  cu r r en t d e n s ity  an d  i t s  tem p era tu re  d ep en d en ce  and  
in c r e a se  th e  lu m in e sc e n t  e f f ic ie n c y .
The p r e se n c e  o f  s tr a in  can  a ls o  lea d  to  an en h an cem en t o f  th e  
r e la x a t io n  o s c i l la t io n  fr e q u e n c y  d ue to  th e  h ig h e r  d i f f e r e n t ia l  
ga in  w hen com pared to  la t t ic e -m a tc h e d  s tr u c tu r e s . The l in e w id th  
enhancem en t fa c to r  i s  a ls o  p r e d ic te d  to  b e  red u ced . Such  
s tr a in e d - la y e r  la s e r s  c o u ld  b e  o f  m ajor s ig n if ic a n c e  fo r  lo n g  
d is ta n c e  o p t ic a l  com m u n ication . H ow ever, th e  lo n g  term  s t a b i l i t y  o f  
th e s e  s tr u c tu r e s , a lth o u g h  p ro m is in g , h a s s t i l l  to  be f u l ly  
a s s e s s e d . In v ie w  o f  t h is ,  w e s u g g e s t  th a t  (111) grow th  o f  
u n str a in e d  s tr u c tu r e s  c o u ld  p r o v id e  th e  l ig h t - h o le  cap to  th e  
v a le n c e  band n eed ed  fo r  la s e r  o p e r a tio n . We f in d  th a t  th e  th r e s h o ld  
cu rren t d e n s ity  in  th in  (111) la s e r s  co u ld  be red u ced  w h ile  th e  
p o la r is a t io n  s e le c t io n  o f  TE m odes co u ld  be im p roved  com pared to  
e q u iv a le n t  (001) la s e r s . F in a lly , we c o n s id e r  th e  e f f e c t s  o f  
c r y s ta l  o r ie n ta t io n  and o f  s tr a in  on th e  e x c ito n  b in d in g  en ergy .
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CHAPTER ONE 
INTRODUCTION
S em icon d u ctor  la s e r s  a re  id e a l  c a n d id a te s  fo r  o p t ic a l  
com m unication  b e c a u se  o f  t h e ir  com pact s iz e , low  c o s t  and a b il i ty  
to  b e  m odulated  a t  v e r y  h ig h  b it  r a te s  th r o u g h  th e  d ir e c t  
m od u la tion  o f  th e  d r iv e  c u r r en t. In ' d e s ig n in g  a la s e r  s tr u c tu r e ,  
th e  m ain o b je c t iv e s  are th e  r e d u c tio n  o f  th e  th r e s h o ld  c u rren t and  
i t s  tem p era tu re  d ep en d en ce , th e  in c r e a s e  o f  th e  lu m in escen t  
e f f ic ie n c y  and m od u la tion  b an d w id th , and th e  a c h iev e m en t o f  s in g le  
m ode o s c i l la t io n  w ith  narrow  lin e w id th  to  m in im ise fib r e  
d is p e r s io n .
E arly  la s e r s  u se d  p -n  h o m o ju n ctio n s, w h ere  i t  w as soon
d is c o v e r e d  th a t  th e y  had  p o o r  l ig h t  and c a r r ie r  co n fin em en t [1].
D ou b le  h e te r o s tr u c tu r e  la s e r s  o f fe r e d  im p roved  c h a r a c te r is t ic s
s in c e  th e  d if fe r e n c e  in  r e fr a c t iv e  in d e x  b e tw e e n  a c t iv e  and p a s s iv e
la y e r s  ten d e d  to  c o n fin e  th e  e le c tr o m a g n e tic  f ie ld  to  th e  c e n tr a l
r e g io n . F urtherm ore, th e  band gap  d is c o n t in u ity  a c ts  a s  a p o te n t ia l
b a r r ie r  p r e v e n tin g  th e  in je c te d  e le c tr o n s  and h o le s  from  d iffu s in g
o u ts id e  th e  a c t iv e  r e g io n  [2 ]. H ow ever, th e  d e n s ity  o f  s ta t e s  (DOS)
1/2in  b u lk  m a te r ia ls  in c r e a s e s  w ith  en erg y  a s  E and i s  v a n ish in g  a t 
th e  band e d g es . As a r e s u lt ,  o n ly  a sm all f r a c t io n  o f  th e  c a r r ie rs  
p o p u la te s  th e  lo w e s t  s t a t e s  and th e  in je c te d  e le c tr o n s  and h o le s  do 
n o t ta k e  f u l l  a d v a n ta g e  o f  th e  Ferm i d is tr ib u t io n  ( se e  f ig u r e  1.1).
(c)
Figure 1.1 Model diagram showing DOS and carrier 
occupancy in (a)buik (b) unstrained quantum weii 
and ( c) stra ined quantum weii structures.
T h is i s  n o t th e  c a se  in  tw o -d im e n s io n a l sy ste m s, w h ere  t h e  DOS is  a 
s t e p - l ik e  fu n c t io n  o f  en erg y  and th e  p eak  in  th e  in je c te d  c a r r ie r  
d is tr ib u t io n  i s  a t th e  band e d g e s . T h is m ore fa v o u r a b le  sh a p e  o f  
th e  DOS i s  th e  c h ie f  r e a so n  w hy quantum  w e ll la s e r s  h a v e  b een  
p r e d ic te d  to  h a v e  im proved  c h a r a c te r is t ic s  com pared to  t h e ir  b u lk  
c o u n te r p a r ts  [3 ], N e v e r th e le s s , th e  id e a lis e d  q u a n tu m -w e ll DOS 
i l lu s t r a t e d  in  f i g .1.1 (b) i s  n o t y e t  th e  b e s t  c a se , b e c a u s e  o f  th e  
la r g e  v a le n c e  band DOS. One can fu r th e r  im p rove th e  la s e r  
c h a r a c te r is t ic s ,  and in  p a r t ic u la r  th e  ga in , by r e d u c in g  th e  DOS in  
th e  v a le n c e  band. The la rg e  DOS i s  due to  v a le n c e  ban d  m ixing  
e f f e c t s ,  w h ich  ten d  to  en h an ce  th e  e f f e c t iv e  m ass o f  th e  h ig h e s t  
h o le  subb and . A lth o u g h  quantum  s iz e  e f f e c t s  l i f t  th e  v a le n c e  band  
d eg en era cy  and m ake th e  b an d s a n is o tr o p ic  w ith  r e s p e c t  to  th e  
grow th  d ir e c t io n  th e r e b y  d e c r e a s in g  th e  v a le n c e  band e d g e  DOS [4 ], 
m ixing  e f f e c t s  red u ce  th e  en erg y  o v e r  w h ich  th e  h ig h e s t  h o le  band  
i s  l ig h t - h o le - l ik e  [5 ]. The en h an ced  m ass a lso  m eans th a t  th e  
in tr in s ic  lo s s  m echan ism s r e s p o n s ib le  fo r  th e  s tr o n g  tem p era tu re  
d ep en d en ce  o f  th e  th r e s h o ld  cu r r en t in  lo n g  w a v e le n g th  la s e r s  
(A uger reco m b in a tio n  [6] and in te r v a le n c e  band  a b s o r p t io n  [7 ,8]) 
rem ain im p ortan t. T h ese  m echan ism s in v o lv e  h o le s  a t  la r g e  k  v a lu e s  
(ch a p te r  2), and th e  la r g e  in -p la n e  e f f e c t iv e  m ass m akes th e  
t r a n s it io n s  p o s s ib le . T h ere fo re , an id e a l  la s e r  sh o u ld  h a v e  a band  
s tr u c tu r e  in  w h ich  b o th  th e  c o n d u c tio n  and v a le n c e  b an d s h a v e  low  
e f f e c t iv e  m ass. S tr a in  can a c h ie v e  p a r t ia l  l ig h t - h o le  b e h a v io u r  in  
b u lk  se m ic o n d u c to rs  [9 ], C h ap ter  3 sh ow s th a t  th e  c o m b in a tio n  o f  
quantum  s iz e  e f f e c t s  and b ia x ia l  co m p re ss iv e  s tr a in  can  g iv e  a low  
in -p la n e  e f f e c t iv e  m ass o v e r  a s ig n if ic a n t  en erg y  ra n g e  a t th e
v a le n c e  band maximum. It  i s  t h i s  in -p la n e  m ass w h ich  d e ter m in es  th e  
d e n s ity  o f  s ta t e s ,  and i t s  r e d u c tio n  m akes th e  la s e r  tr a n sp a r e n t  a t  
red u ced  c a r r ie r  d e n s ity  by a llo w in g  th e  v a le n c e  q u a s i-F er m i le v e l  
to  p e n e tr a te  m ore e a s i ly  th e  v a le n c e  band ed ge . M oreover, i t  can  
le a d  to  th e  v ir tu a l  e lim in a tio n  o f  A uger reco m b in a tio n  and IVBA. 
T h ere fo re , s tr a in e d  la y e r  s tr u c tu r e s  are  id e a l  c a n d id a te s  fo r  low  
th r e s h o ld  c u rren t d e n s ity , h ig h  T^, lo n g  w a v e le n g th  la s e r s .
In c h a p te r  4 we d e sc r ib e  th e  fa c to r s  to  be c o n s id e r e d  in  th e  
o p tim isa t io n  o f  a s tr a in e d  la s e r  s tr u c tu r e . The e f f e c t s  o f  w e ll  
w id th , v a le n c e  band  m ixing  and maximum s tr a in  in c o r p o r a te d  are  
d is c u ss e d . A lth o u g h  th e  s tr u c tu r e  s u g g e s te d  can  no d o u b t be fu r th e r  
o p tim ise d , we b e l ie v e  i t  c o u ld  g iv e  th r e sh o ld  c u r r e n t  d e n s i t ie s  
th a t  are up to  an o rd er  o f  m agn itu d e lo w er  th a n  c o n v e n t io n a l d o u b le  
h e te r o s tr u c tu r e  la s e r s ,  and r e a so n a b le  v a lu e s  o f  T^ (w h ere T^ i s  
th e  p aram ater  d e sc r ib in g  th e  tem p era tu re  d ep en d en ce  o f  J^^).
The red u ced  th r e s h o ld  c a r r ie r  d e n s ity  m eans th a t  g a in  
s a tu r a t io n  e f f e c t s  in  th e  c o n d u c tio n  band are no lo n g e r  im p ortan t, 
and th e  low  d e n s ity  o f  s t a t e s  in  th e  v a le n c e  band  a llo w s  th e  
v a le n c e  q u a si-F erm i le v e l  to  ap p roach  and c r o ss  th e  band  ed ge, 
p e n e tr a t in g  in to  th e  band. T h ese  tw o e f f e c t s  le a d  to  an en h an ced  
d if f e r e n t ia l  ga in . In c h a p te r  5, we show  th a t  t h is  m echanism  
in c r e a s e s  th e  m od u la tion  b an d w id th  and r e d u c e s  th e  l in e w id th  
en h an cem en t fa c to r  (a param eter  d eterm in in g  l in e w id th  and c h irp in g )  
in  s tr a in e d - la y e r  la s e r s  com pared to  la t t ic e -m a tc h e d  s tr u c tu r e s .  
T h ese  a d v a n ta g e s  can h a v e  im p ortan t c o n se q u e n c e s  in  an o p t ic a l
com m unication  sy stem .
A lth o u g h  th e  th e o r e t ic a l  b e n e f it s  o f  s tr a in e d - la y e r  s tr u c tu r e s  
are w e ll e s ta b lis h e d , th e r e  are  many d i f f i c u l t ie s  and c o n s tr a in ts  
a s s o c ia te d  w ith  s tr a in e d - la y e r  grow th , and th e  lo n g  term  s t a b i l i t y  
o f  s tr a in e d  la y e r s , w h ile  p ro m isin g , h a s  s t i l l  to  be fu l ly  
a s s e s s e d . In c h a p ter  6, we s u g g e s t  th a t  an en h a n ced  l ig h t - h o le  cap  
can  be a c h iev e d  in  u n str a in e d  quantum  w e ll s tr u c tu r e s  grow n a lon g  
(111), due to  a n iso tr o p y  o f  th e  h e a v y -h o le  v a le n c e  band in  b u lk  
te tr a h e d r a l sem ico n d u cto rs . We c a lc u la te  a r e d u c e d  th r e s h o ld  
c u r r en t d e n s ity  in  (111) la s e r s  fo r  w h ich  th e  w e ll  w id th  i s  le s s  
th a n  100Â. Our r e s u lt s  com pare fa v o u r a b ly  w ith  e x p e r im en ta l data .
L aser  a c tio n  in  se m ic o n d u cto rs  o c c u r s  a t h ig h  c a r r ie r  d e n s it ie s  
( ty p ic a lly  10^^ cm  ^ ), so  th a t  th e  Coulom b in te r a c t io n  b e tw een  tw o  
e le c tr o n s  is  sc re e n e d  by  o th e r  c a r r ie r s . H ow ever, fo r  d e v ic e s  
in v o lv in g  low  c a r r ie r  d e n s i t ie s ,  th e  s in g le  p a r t ic le  a p p rox im ation  
b rea k s  dow n and e x c ito n s  p la y  an im p ortan t r o le  in  d e term in in g  th e  
sp e c tr a . Many n o n lin e a r  d e v ic e s  are  b a se d  on e x c it o n ic  e f f e c t s ,  and  
an en h an cem en t o f  th e  b in d in g  en erg y  can  be d e s ir a b le . C h apter 7 
p r e s e n ts  c a lc u la t io n s  o f  e x c ito n  b in d in g  e n e r g ie s  fo r  b o th  (001) 
and (111) grow th  d ir e c t io n s , w h ere  we f in d  no p a r t ic u la r  
enh an cem en t can  be o b ta in ed  by  ch a n g in g  th e  g ro w th  d ir e c t io n . We 
a lso  exam ine in  th is  ch a p te r  th e  e f f e c t s  o f  b u i l t - in  s tr a in  on  
e x c ito n  b in d in g  en ergy  by c o n s id e r in g  In^Ga^_^As quantum  w e lls  
u n d er  b ia x ia l  com p ressio n  b e tw een  u n s tr a in e d  G a As b a r r ie r s .
F in a lly , an in v a r ia n t  e x p a n s io n  o f  th e  H am ilton ian  b a se d  on
2grou p  th e o r y  in v o lv in g  term s o f  o rd er  e k  i s  d e r iv e d  in  th e  
a p p en d ix  to  s e e  th e  c h a n g es  in  e f f e c t iv e  m a sses  w ith  s tr a in . The 
u s e  o f  d e g e n e r a te  p e r tu r b a tio n  th e o r y  sh o w s th a t  t h e s e  c h a n g es  
m ain ly  a r is e  from  th ir d  ord er  p e r tu r b a tio n  in v o lv in g  tw ic e  th e  k .p  
H am ilton ian  and on ce  th e  s tr a in  H am ilton ian .
CHAPTER TWO 
SEMICONDUCTOR LASER THEORY
2.1 INTRODUCTION
The b a s ic  p h y s ic s  o f  ju n c tio n  la s e r s  in v o lv e s  th e  in je c t io n  o f  
e x c e s s  c a r r ie r s  in to  an a c t iv e  r e g io n  w h ere r a d ia t iv e  and  
n o n -r a d ia t iv e  reco m b in a tio n  ta k e s  p la c e . A fter  p o p u la t io n  in v e r s io n  
o c c u r s , th e  m a ter ia l i s  a b le  to  am p lify  th e  e le c tr o m a g n e tic  (EM) 
f ie ld .  The p o s i t iv e  g a in  and th e  o p t ic a l  fe e d b a c k  p r o v id e d  by th e  
end m irrors lea d  to  la s e r  o s c i l la t io n .  We d e sc r ib e  in  s e c t io n  2 how  
th e  g a in  can  be d e r iv e d , w ith  and w ith o u t  s c a t t e r in g  m echan ism s  
u s in g  th e  d e n s ity  m atrix  form alism . The r e s u lt in g  p o la r is a t io n  
( lin e a r  and n o n lin e a r) can th e n  be in s e r te d  in to  M axw ell's  
e q u a t io n s  to  g iv e  th e  e f f e c t s  o f  th e  m a ter ia l on th e  EM f ie ld .  The 
l in e a r  p o la r is a t io n  p lu s  a p p r o p r ia te  bou n d ary  c o n d it io n s  fo r  th e  
f ie ld  d e f in e  th e  la s e r  m odes. S in g le  m ode o s c i l la t io n  in  th e  
tr a n sv e r s e  and la te r a l  d ir e c t io n s  can be o b ta in e d  u s in g  d if f e r e n t  
la s e r  g e o m e tr ie s , as d e sc r ib e d  in  s e c t io n  3. The c le a v e d  f a c e t s  
form  a r e so n a n t c a v ity  th a t  p r o v id e s  fr e q u e n c y  s e le c t io n  and  
d e f in e s  th e  lo n g itu d in a l s p e c tr a l  m odes.
A bove th r e s h o ld , th e  m ode b e h a v io u r  o f  se m ic o n d u c to r  la s e r s  can  
be w e ll d e sc r ib e d  by in c lu d in g  th e  n o n lin e a r  p o la r is a t io n  in  
M axw ell's e q u a t io n s , le a d in g  to  v a r io u s  n o n lin e a r  e f f e c t s .  In t h is  
c h a p ter , we are co n cern ed  w ith  th e  s te a d y  s ta t e  e q u a t io n s  o f  th e
la s e r  w h ile  th e  dynam ic r e sp o n se  u n d er c u r r en t m o d u la tio n  i s  
d is c u s s e d  in  c h a p te r  5. The r a te  e q u a tio n  fo r  th e  c a r r ie r  d e n s ity  
i s  g iv e n  in  s e c t io n  4, from  w h ich  th e  th r e s h o ld  c u r r e n t  d e n s ity  
i s  d e r iv e d . The r e d u c tio n  o f  and i t s  tem p era tu re  d ep e n d e n c e  are  
a d v a n ta g e o u s  fo r  c o n tin u o u s  w ave o p e r a tio n  in  o r d e r  to  a v o id  
h e a t in g  and c o n se q u e n t  d e te r io r a t io n  o f  th e  la s e r .  A uger  
reco m b in a tio n  and in te r v a le n c e  band a b so r p tio n  (IVBA), b e l ie v e d  to  
be th e  p r in c ip a l c a u se s  fo r  th e  s tr o n g  tem p era tu re  d e p e n d en ce  o f
in  lo n g  w a v e le n g th  la s e r s , are d is c u s s e d  in  s e c t io n  5.
2.2 DENSITY MATRIX FORMALISM
In th e  s e m ic la s s ic a l  tre a tm e n t o f  r a d ia tio n , th e  in te r a c t io n  o f  
an EM f ie ld  w ith  a ch arged  p a r t ic le  can be d e s c r ib e d  by a 
t im e -d e p e n d e n t  p e r tu r b a tiv e  H am ilton ian  [10]. U sin g  F erm i's g o ld en  
r u le  [11] and th e  E in s te in  A and B c o e f f ic ie n t s  [12 ], th e  
sp o n ta n e o u s  e m iss io n  r a te  and g a in  c o e f f ic ie n t  b e tw e e n  tw o  sh arp  
e n erg y  l e v e l s  are e a s i ly  o b ta in ed . G en era lis in g  t h is  r e s u lt  to  
se m ic o n d u c to rs , w h ich  can be v iew e d  as a c o l le c t io n  o f  tw o  le v e l  
sy ste m s w ith  d if fe r e n t  t r a n s it io n  e n e r g ie s  due to  th e  p r e s e n c e  o f  
e n erg y  b an d s, th e  ga in  g(w) a t  a p h o to n  fr e q u e n c y  w i s  g iv e n  by  
[13]
O c ,  V
w h ere n i s  th e  in d e x  o f  r e fr a c t io n  o b ta in ed  s e l f - c o n s i s t e n t ly  v ia  
th e  K ram ers-K ronig tra n sfo r m a tio n  [14], d^^=<c | e r  | v> i s  th e
e le c tr ic  d ip o le  form ed b e tw een  an e le c tr o n  in  s t a t e  | c> and a h o le
in  s ta t e  | v>, i s  t h e ir  en e r g y  d iffe r e n c e  and f^ and f^  are
q u asi-F erm i d is tr ib u t io n s .
H ow ever, t h is  s im p le  m odel ca n n o t e x p la in  th e  e x p e r im en ta l
sp e c tr a  o f  sem ic o n d u c to r  la s e r s  [15]. V ariou s s c a tte r in g  m echanism s
d e s tr o y  th e  e le c tr o n -h o le  d ip o le , r e s u lt in g  in  s p e c tr a l  b road en in g
[16]. Due to  th e  com p lex  in te r a c t io n  b etw een  e le c tr o n s , p h o n o n s and
r a d ia tio n , th e  a v e r a g e  c o l l e c t iv e  p r o p e r tie s  o f  sem ico n d u cto r
la s e r s  are a n a ly se d  by quantum  s t a t i s t i c s .  The m ost im p ortan t to o l
i s  th e  d e n s ity  m atrix  [17]. In quantum  s t a t i s t i c s ,  a m acroscop ic
body i s  s im u la te d  a s  a c o l le c t io n  o f  N sy stem s (N la rg e ) . I f  th e
N
system  i s  in  th e  s t a t e  4>(a)=^ in  terras o f  a
a = l
com p lete  s e t  o f  orth o n o rm a l s t a t e s  U , th e  d e n s ity  o p e r a to r  i s
™ N
*d e fin e d  by i t s  m atr ix  e le m e n ts  [10] p a (a)a (a). p is
a = l
H erm itian  and p^^ i s  th e  p r o b a b il ity  th a t  th e  sy s te m s  in  th e
ensem b le  are in  s t a t e  U . O nce th e  d e n s ity  m atrix  i s  know n, th e
^mean v a lu e  o f  a d yn am ica l o b s e r v a b le  f  i s  f= ) f  pZ.-, nm^mn
mn
On th e  one hand , i t  i s  n o t  p r a c t ic a l  to  o b ta in  r e s u l t s  w ith  th e  
m any-body e ig e n s t a te s  and e ig e n e n e r g ie s  [18]. On th e  o th e r , th e  
ga in  c o e f f ic ie n t  d e r iv e d  in  th e  o n e -e le c tr o n  a p p ro x im a tio n  (eq. 
(2.1)) d o es  n o t  d e s c r ib e  se m ic o n d u c to rs  w e ll b e c a u se  th e  
s in g le -p a r t ic le  s t a t e s  (B loch  fu n c t io n s  in  c r y s ta ls )  are  n o t e x a c t  
s o lu t io n s . T h ere fo re  th e  tw o  m eth od s are u s u a lly  com b ined  [19], 
u sin g  s in g le  p a r t ic le  s t a t e s  and in tr o d u c in g  an e x tr a  term  in  th e
H am ilton ian  to  a c c o u n t fo r  m any-b ody  e f f e c t s .  S in ce  th e  t o ta l  
o p era to r  i s  th e  sum o f  s in g le  p a r t ic le  o p e r a to r s , th e  m ean v a lu e  o f  
f  becom es
CV^ VC  
C , V
(2.2)
N|_ b e in g  th e  t o t a l  num ber o f  e le c tr o n s  in cu d in g  c o n d u c tio n  and  
v a le n c e  bands. We w ill  be m ain ly  in te r e s te d  in  th e  p o la r is a t io n  fo r  
w h ich  f= er [20], th a t  i s
C , V
in v o lv in g  o f f -d ia g o n a l  e le m e n ts  o f  d and p.
For w eak  f ie ld s ,  th e  p e r tu r b a tio n  e x p a n s io n  in  p ow er s e r ie s  o f  
(d.E) i s  [21]
p = p ( ° t p ( 2 t ........  p = p ( ° t p ( 2 ) . .......c c  cc  c c  v v  v v  v v
........
w here p^^  ^ d ep en d s on (d.E)^. The tim e e v o lu t io n  o f  th e  d e n s ity  
op era to r  i s  g iv e n  by th e  L io u v il le  eq u a tio n  [11] as
[H, p] (2.5)
w here H=H +H'+H +H i s  th e  t o t a l  H am ilton ian . The term  H o s  sp  o
r e p r e se n ts  th e  u n p er tu rb ed  e le c tr o n ic  system , w h o se  e ig e n s t a te s  are
u sed  fo r  th e  co m p lete  s e t  U (H | c>=E \c> and H | v>=E | v>). H'=-d.Em o c o V
r e p r e se n ts  th e  in te r a c t io n  o f  an e le c tr o n  w ith  th e  e le c tr ic  f ie ld  
E. H  ^ d e s c r ib e s  e le c tr o n  s c a t t e r in g  p r o c e s s e s  th a t  e s ta b l is h  
therm al eq u ilib r iu m  am ong th e  e le c tr o n s  in  each  band . A c o r r e c t  
trea tm en t o f  H^ w ou ld  in v o lv e  a l l  in te r a c t io n s  c o u p lin g  a s in g le
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e le c tr o n  to  o th e r  e le c tr o n s  (n o t in c lu d e d  in  H^) and to  la t t ic e
p h o n o n s. Such  a tre a tm e n t h a s n o t  b een  d e v e lo p ed , and in s te a d  i s
tr e a te d  p h e n o m e n o lo g ic a lly  by r e la x a t io n  tim es [19], H d e s c r ib e ssp
sp o n ta n e o u s  e m iss io n  w h ich  i s  a lso  d e sc r ib e d  p h e n o m e n o lo g ic a lly  
b e c a u se  i t  d o e s  n o t ap p ear  e x p l ic i t ly  in  th e  s e m ic la s s ic a l  
trea tm en t [10] (en te r in g  o n ly  w hen th e  p h o to n  f ie ld  i s  q u a n tised ). 
Thus [22]
^^cc ^^cc ^cc^ aPvv ^^vv ^vv^ ^Pcvat T ’c at TV at
c v
^ i n
(2 .6 )
dp c c
a t
c c  ^cc^ ^ ^ v v
sp  ^8
 ^^ VV  ^vv^
sp
w h ere (t^) i s  th e  r e la x a t io n  tim e in  co n d u c tio n  (v a le n c e )  band, 
Tin th e  in tra b a n d  (p o la r is a t io n )  r e la x a t io n  tim e, p th e  
q u a s i-e q u ilib r iu m  d is tr ib u t io n  (p^_^=0), th e  sp o n ta n e o u s  l if e t im e  
and p th e  th erm al d is tr ib u t io n  [13].
S u b s t itu t in g  eq s. (2.4) and (2.6) in  (2.5) and id e n t ify in g  term s  
w ith  th e  sam e p ow er d ep en d en ce  on (d.E) g iv e s
d t T T (2.7)
dp ( 2m)
d t - =  ' ” =1.2.-(2.8)c s
d (2 m + l)
d t ^ =  f  . ”  = 0.1,..(2.9)in
w h ere w^^=(E^-E^)/h.
d P vcS im ilar  r e la t io n s  e x is t  fo r  — ----  andd t d t
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In th e  s ta n d in g  w ave r e p r e s e n ta t io n , th e  e le c tr ic  f ie ld  in  a 
sem ic o n d u c to r  la s e r  can be e x p r e s s e d  a s  a sum m ation  o f  r e so n a tin g  
m odes
- iw .t
E(w ,,r)e +C.C (2 .10)
w h ere c .c  s ta n d s  fo r  com p lex  c o n ju g a te . In th e  s te a d y  s ta te ,  
E(Wj,r) d o e s  n o t depend  on  tim e. The s p a t ia l  d ep en d en ce  i s  
d is c u s s e d  in  th e  n e x t  s e c t io n . The n^^ ord er  p o la r is a t io n  and  
s u s c e p t ib i l i t y  are d e f in e d  as
,(n). Ic ,v +p(")d  '^ CV VC ^vc cv o 2 ZJ \ “iw .tE(Wj,r)e J +C.C
(2.11)
A s in g le  sum m ation (c or v ) i s  s u f f ic ie n t  fo r  se m ic o n d u c to rs  
b e c a u se  o f  th e  k - s e le c t io n  r u le  b e tw een  c o n d u c tio n  and v a le n c e  
s t a t e s .  E x p ress in g
.(n) (2 .12)
e x c e p t  fo r  w h ich  d o e s  n o t  d epend  on tim e, th e  F o u r ier
com p on en ts p^^ (^Wj) can  be o b ta in ed  i t e r a t iv e ly  from  
(2 .7-2 .9).P u ttin g  th is  r e s u lt  in  (2.11), can  be d er iv ed .
In p a r t ic u la r , th e  l in e a r  s u s c e p t ib i l i t y  i s
y
c ,v
(2.13)
H igh er ord er  s u s c e p t ib i l i t i e s  can  b e  s im ila r ly  o b ta in e d . In m ost 
c a s e s  o f  in te r e s t ,  i t  i s  s u f f i c ie n t  to  lim it  th e  c a lc u la t io n s  to  
th ir d  o rd er  [20,23-27]. The g a in  i s  r e la te d  to  th e  im aginary
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s u s c e p t ib i l i ty  Im%(Wj) by [28]
(2.14)1 CUb J
w h ere i s  th e  b a ck grou n d  ( i.e . w ith o u t in je c t io n )  in d e x  o f
r e fr a c tio n . The ch an ge  in  r e fr a c t iv e  in d e x  due to  pum ping i s
ôn= Re%(w.) . (2.15)
^^b J
w h ere Re s ta n d s  fo r  th e  r e a l p a r t.
(2.14) and (2.15) are d e r iv e d  from  M axw ell’s  e q u a tio n s  a lo n g  w ith  a 
se p a r a tio n  o f  th e  s u s c e p t ib i l i t y  in to  a b ack grou n d  and a pump 
v a lu e , and assu m in g  th a t  th e  l a t t e r  i s  sm a ll com pared to  th e  form er  
[28]. U sing  e q s .(2.13) and (2.14), th e  l in e a r  ga in  i s
/  ' r"  I ^ ( f _ - f  ) h / r
In th e  a b ove  e q u a tio n , u se  w as m ade o f  c=l(^u e , N.p =f ando o r  cc  c
N^p^^=f^ [21]. T hus, th e  g a in  g iv e n  by  eq. (2.16) h a s  th e  sam e form  
as (2.1), w ith  a L oren tz ian  b ro a d e n in g  fu n c tio n
fi/'^inL(hw)= ---------
w ith  a f u l l  w id th  a t h a lf  maximum (FWHM) e q u a l to  h/%^  ^ and  
lim  L(hw)=TTô(E^^-hw) w hen T^^=o).
It can  be se e n  th a t  th e  FWHM b ecom es n arrow er and sc a tte r in g  
m echanism s becom e le s s  im p o rta n t a s  in c r e a s e s .
In g o in g  to  b u lk  (3D), quantum  w e ll  (2D) and quantum  w ire  (ID) 
sem ico n d u cto rs , th e  l in e a r  g a in  can  be o b ta in ed  from  (2.16) by
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r e p la c in g  ^  by th e  fo llo w in g  d e n s ity  o f  s t a t e s  ; 
c ,v
1) 3D: —^  d \
2) 2D: ------
3) ID:
(2TI)^L^
( 2 n ) S
2d k  , L^: Quantum w e l l  w id t h .
(2.17)
dk , S: Quantum w ir e  c r o s s - s e c t io n .
I f  sp in  e f f e c t s  are n o t c o n s id e r e d , an a d d it io n a l f a c t o r  2 sh o u ld  
b e  in c lu d e d  in  (2.17) to  a c c o u n t fo r  sp in  d eg en era cy .
For quantum  w e ll (QW) la s e r s , sum m ing o v e r  a l l  su b b a n d s , th e  l in e a r  
g a in  i s
i , j  J V c ^ V j  i n ' ^
w h ere  c. and v .  d en o te  th e  i^^ c o n d u c tio n  and v a le n c e  subb and  1 J
r e s p e c t iv e ly .  The a x ia l  a p p ro x im a tio n  h as b een  u se d  in  (2.18) and  
th e  g a in  h a s  b een  m u lt ip lie d  by a fa c to r  2 to  a c c o u n t  fo r  th e  
d o u b le  d eg en era cy  in  th e  c o n d u c tio n  and v a le n c e  b an d s, a s  e x p la in e d  
in  c h a p te r  3. We w il l  be u s in g  t h is  e q u a tio n  th r o u g h o u t  t h is  w ork. 
The d ip o le  m om ents are c a lc u la te d  in  c h a p te r  3 from  k .p  th e o ry  
s in c e  t h is  m ethod in v o lv e s  momentum m atrix  e le m e n ts  th a t  are  
r e la te d  to  d by [11]
im E
^ cv  • (2.19)
The e f f e c t s  o f  in trab an d  r e la x a t io n  are p a r t ic u la r ly  im p ortan t fo r
QW la s e r s  [29]. They are b e s t  s e e n  w hen c o n s id e r in g  p a r a b o lic
1/2b an d s. The d e n s ity  o f  s t a t e s  v a r ie s  as E ■ in  b u lk  la s e r s  and is  
s t e p - l ik e  in  th e  QW ca se . U nder s t r ic t  k - s e le c t io n  r u le s , eq. (2.1)
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p r e d ic ts  th a t  th e  p eak  g a in  o c c u r s  a t  p h o to n  e n e r g ie s  eq u a l to  th e  
zone c e n tr e  t r a n s it io n  e n e r g y  in  2D la s e r s . H ow ever, th e  in c lu s io n  
o f  th e  in tra b a n d  r e la x a t io n  s h i f t s  th e  p eak  g a in  to  h ig h e r  en ergy  
w ith  in c r e a s in g  c a r r ie r  d e n s ity . In th e  b u lk  c a se , th e  s h i f t  o ccu rs  
ev en  u n d er s t r ic t  k - s e le c t io n  b e c a u se  th e  d e n s ity  o f  s t a t e s  i s  
la rg e r  a t h ig h e r  en ergy .
2.3 MODE SELECTION
From M axw ell's e q u a t io n s , th e  e le c tr ic  f ie ld  s a t i s f i e s  [30]
V^E=—
a t^  a t^
( 2 .2 0 )
A ty p ic a l la s e r  s tr u c tu r e  i s  sh ow n  in  f ig u r e  2.1, w h ere  th e  c h o ic e  
o f  c o o r d in a te s  (x , y, z) i s  g iv e n . The e le c tr ic  f ie ld  v a r ie s  as
E (r ,t)= | ^  E(w)F(r)e ^^^+c.c . (2.21)
w
C on sid er in g  o n ly  th e  l in e a r  p o la r is a t io n  fo r  d e f in in g  th e  la s e r  
m odes, we h a v e
PL(r,t)=^
w ith  g iv e n  by eq. (2.13). C om bining (2.20-2.22) le a d s  to
C^^)(w)E(w)F(r)e + C.C
e  (w)
N r -  Id
w here e (w)=l+ — )  ---------y-o (c
F(r)=0
c ,v
= c'(w)+ic"(w) .
(2 .22)
(2.23)
(2.24)
e (w) d ep en d s on x, y and z v ia  (p  ^°   ^-p  ^°   ^) and v ia  th e  d if fe r e n t  o  ^ c c  v v
d ie le c tr ic s  p r e se n t. N e g le c t in g  th e  s p a t ia l  d is tr ib u t io n  o f
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/
(Growth direction)
■ y
/
--------- » X
(Light propagation)
Active region
Figure 2.1 Typical sem iconductor laser s truc tu re  and 
choice of coordinates.
in  th e  p ro p a g a tio n  d ir e c t io n  (z) m eans th a t  e^(w) d oes  
n o t d ep en d  on z. T his a p p ro x im a tio n  is  v a l id  b e c a u se  s p a t ia l  h o le  
b u rn in g  and c a r r ie r  d if fu s io n  sm ooth  o u t  th e  v a r ia t io n  o f  
(p^^^“P^°^) a lo n g  z. A s e p a r a tio n  o f  v a r ia b le s  i s  th e n  p o s s ib le  and  
im p lie s
F(r)=f(z)i/t(x,y) 
w h ere f(z)=V'2/L sin (k z) and 0 s a t i s f i e s
a a w , ,  .— p+-y e (w,x,y)
ax^ ay^ C  ^ °
0(x ,y)=k 0(x ,y ) (2.25)
The w ave eq u a tio n  (2.25) w ith  p ro p er  bou n d ary  c o n d it io n s  is  an  
e ig e n v a lu e  problem , w h ich  d e ter m in es  w e ll d e f in e d  g u id e d  m odes 
and k^(w). The r e so n a n t F a b ry -P ero t (FP) m odes h a v e  
fr e q u e n c ie s  Q su ch  th a t  f(z)=f(z+2L) [28] w h ere  L i s  th e  c a v ity  
le n g th . T h is g iv e s  k^^ (^w)=p  ^ (p in te g e r ) . Thus
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For a g iv e n  w and m, 0 ^  and k ^  are  u n iq u e ly  d e f in e d . D if fe r e n t  
g e o m etr ie s  are u se d  to  o b ta in  s in g le  mode o p e r a tio n . The x  and y  
v a r ia b le s  can be fu r th e r  s e p a r a te d  u s in g  th e  e f f e c t iv e  in d e x  
ap p rox im ation  [31]. Mode c o n tr o l  in  th e  tr a n s v e r s e  (y) d ir e c t io n  is  
e a s i ly  o b ta in ed  by th e  u s e  o f  a h e te r o s tr u c tu r e  w ith  a narrow  
a c t iv e  re g io n  [14]. The h ig h e r  o rd er  m odes are c u t  o f f  when
d < ■ (2-26)
w here i s  th e  r e fr a c t iv e  in d e x  in  th e  a c t iv e  (b arrier)
m ater ia l. A ty p ic a l  v a lu e  fo r  th e  R.H.S o f  th e  a b o v e  is  o f  th e  
ord er  o f  th e  m icron, s o  th a t  (2.26) i s  a lw ays s a t i s f ie d .  S im ila r ly , 
a s in g le  la te r a l  m ode (x  d ir e c t io n )  i s  o b ta in e d  in  s tr o n g ly  
in d e x -g u id e d  s tr u c tu r e s  su c h  a s  b u r ied  h e te r o s tr u c tu r e  la s e r s ,  
w here th e  e f f e c t iv e  r e fr a c t iv e  in d e x  s te p  i s  h ig h e r  th a n  10  ^ [28].
U su a lly  th e  la s e r  o s c i l la t e s  in  many lo n g itu d in a l  m odes  
co rresp o n d in g  to  th e  FP m odes. The main m ode c o r re sp o n d s  to  th e  
fre q u en cy  w h ere th e  g a in  p e a k s  a t  th r e sh o ld . The sp a c in g  b etw een  
th e  s id e  m odes i s  d e term in ed  b y  th e  FP c a v ity . When th e  la s e r  i s  in  
o p e r a tio n , v a r io u s  n o n lin e a r  e f f e c t s  co u p le  th e s e  m odes. Yamada e t  
a l [21] sh ow ed  th a t  s tr o n g  g a in  s u p p r e s s io n  o f  th e  s id e  m odes 
o ccu rs fo r  la s e r s  w ith  an u n d o p ed  a c t iv e  r e g io n . T h ere fo re  we 
assum e th a t  ou r s tr u c tu r e s  su p p o r t  a s in g le  t r a n s v e r s e  and la te r a l  
mode and th a t  th e  a c t iv e  r e g io n  i s  pure.
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2.4 THRESHOLD CURRENT DENSITY
The r a te  o f  ch an ge o f  c a r r ie r  d e n s ity  N in  th e  a c t iv e  reg io n  o f  
th ic k n e s s  d is  [32]
I t  = I S  - V ^ n r
w h ere th e  f ir s t  term  on th e  RHS c o r re sp o n d s  to  e x te r n a l pum ping  
(cu rren t in je c t io n )  w h ith  th e  c u r r e n t  d e n s ity  J eq u a l to  (W and  
L are th e  w id th  and le n g th  o f  th e  a c t iv e  r e g io n ). The seco n d  and  
th ir d  term s r e p r e se n t  c a r r ie r  l o s s  by r a d ia t iv e  and n o n -r a d ia t iv e  
reco m b in a tio n  r e s p e c t iv e ly . The d i f fu s io n  term  i s  n e g le c te d  fo r  
s tr o n g ly  in d e x -g u id e d  la s e r s  b e c a u se  th e  la te r a l  d im en sion  i s  sm all 
com pared to  th e  d if fu s io n  le n g th  [28]. We h a v e  a ls o  ig n o red  th e  
c o n tr ib u tio n  from  stim u la te d  e m iss io n  up to  th r e s h o ld . S tim u la ted  
e m iss io n  c o u p le s  th e  c a r r ie r  and p h o to n  d e n s i t ie s  a b o v e  th r e sh o ld ,  
as d is c u s s e d  in  c h a p ter  5, b u t  t h is  n eed  n o t  be c o n s id er e d  w hen  
c a lc u la t in g  th e  s te a d y  s ta t e  th r e s h o ld  cu r r en t d e n s ity .
U nder s te a d y  s ta t e  c o n d it io n s , th e  c u r r e n t d e n s ity  is  g iv e n  by  
J = ed(R^+R^^)
The n o n r a d ia t iv e  r a te  i s  d is c u s s e d  in  th e  n e x t  s e c t io n . The 
r a d ia t iv e  reco m b in a tio n  r a te  i s
V r^p(E)dE
w h ere r (E) i s  th e  sp o n ta n e o u s  e m iss io n  r a te  a t  a p h o to n  en ergy  E. sp
N e g le c tin g  c a r r ie r  s c a tte r in g  m ech an ism s, r(E) i s  g iv e n  by [14]
m e h c —^'o o c ,V
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and th e  k - s e le c t io n  r u le  h o ld s  fo r  band to  band t r a n s it io n s .  An 
a n a ly t ic  e x p r e ss io n  fo r  in  un d op ed  m a te r ia ls  can  be d e r iv e d  
u sin g  Boltzm ann s t a t i s t i c s ,  s im p le  p a r a b o lic  ban d s and n e g le c t in g  
th e  k -d e p e n d e n c e  o f  th e  momentum m atrix  e lem en ts  [33]
R =BNP r
w h e r e , f o r  b u lk  la s e r s  :
an d  fo r  QW l a s e r s  : 
w i th
2nh
(mc + niv)kT
3/2
27th^L
(2.29)
A=-
27rne^<M^> E _____________a v  g
2 , 2 3  m e h c o o
2_2
2 *^oThe a v e r a g ed  s q u a r e d  m a t r ix  e lem en t i s  g iv e n  by :<M >=-------— ,
w h ere P i s  K ane's momentum m atr ix  e lem en t [34] d is c u s s e d  in  c h a p ter  
3.
For a QW la s e r  a t th r e s h o ld .
(2.30)
w h ere th e  a c t iv e  r e g io n  th ic k n e s s  d h a s b een  r e p la c e d  by fo r
is o la te d  m u ltip le  quantum  w e l ls  in  (2.29), b e in g  th e  t o ta l
num ber o f  w e lls  each  o f  w id th  L^. The th r e sh o ld  c a r r ie r  d e n s ity  
i s  d eterm in ed  by th e  c o n d it io n  th a t  th e  p eak  ga in , g, i s  s u f f ic ie n t  
to  overcom e th e  t o ta l  l o s s e s  a s s o c ia te d  w ith  th e  la s e r  s tr u c tu r e
g=a ac e x  FL -Ln(l/R) (2.31)
w h ere (a^^J r e p r e s e n ts  th e  lo s s e s  in s id e  (o u ts id e )  th e  a c t iv e
reg io n . The dom inant m echanism  c o n tr ib u tin g  to  in  lo n g
w a v e le n g th  la s e r s  i s  u s u a lly  in te r v a le n c e  band a b so r p tio n  as we 
d is c u s s  b elow . R i s  th e  fa c e t  r e f le c t iv i t y ,  assum ed  to  be e q u a l a t
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b oth  en d s, and f  th e  fr a c t io n  o f  o p t ic a l  pow er c o n fin e d  to  th e  
a c t iv e  reg io n .
2,5 T PROBLEM  g____________
The v a r ia t io n  o f  th e  th r e s h o ld  cu r r en t d e n s ity  o f  a 
sem ico n d u cto r  la s e r  w ith  tem p e r a tu re  can be d e sc r ib e d  by th e  
e q u a tio n  [13]
T -T '
To
(2.32)
A low  v a lu e  o f  T^ im p lie s  a la r g e  tem p era tu re  d ep en d en ce  o f  
T h is i s  th e  c a se  fo r  c o n v e n t io n a l  lo n g  w a v e le n g th  la s e r s , w here  
T^*"60K [23]. S e v e r a l m echan ism s h a v e  been  r e p o r te d  to  c o n tr ib u te  to  
t h is  e f f e c t ,  w h ich  seem s to  b e  in d e p e n d e n t  o f  grow th  tec h n iq u e . We 
c o n s id e r  each  m echanism  s e p a r a te ly , and d is c u s s  i t s  d ep en d en ce  on 
tem p era tu re  and c a r r ie r  d e n s ity .
AUGER RECOMBINATION
In A uger reco m b in a tio n , th e  e n e r g y  r e le a s e d  by an e le c tr o n -h o le  
p a ir  recom b in in g  i s  t r a n s fe r r e d  to  a th ir d  c a r r ie r , w h ich  i s  
th e r e fo r e  th erm a lly  e x c ite d . A lth o u g h  th e r e  are s e v e r a l  ty p e s  o f  
A uger m echanism  [35], we c o n s id e r  o n ly  band to  band A uger p r o c e ss e s  
in  ou r w ork. P honon  a s s is t e d  A u ger  reco m b in a tio n  i s  ig n o red  b eca u se  
i t  i s  a n o n -a c t iv a te d  p r o c e ss  and h e n c e  h a s a w ea k er  tem p era tu re  
d ep en d en ce.T h e tw o m ost im p o rta n t band to  band p r o c e s s e s  are th e  
CHOC and GHSH m echan ism s. In th e  form er c a se  (F ig .2.2.a), a 
C on d u ction  e le c tr o n  and a H eavy  h o le  recom b in e, and th e ir  en ergy  is  
g iv en  to  a n o th er  C o n d u ctio n  e le c tr o n  th a t  is  e x c ite d  to  an em pty
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C on d u ction  s ta te .  In th e  la t t e r  c a se  (F ig .2.2.b), reco m b in a tio n  
a c r o ss  th e  bandgap e x c it e s  a H eavy h o le  in to  th e  sp in  S p l i t - o f f  
band.
B ecau se  en erg y  and momentum m ust be c o n se r v e d , t h e s e  p r o c e s s e s
in v o lv e  e le c tr o n s  and h o le s  a t la r g e  k v a lu e s , w h ere  p e r tu r b a tiv e
c a lc u la t io n  m eth od s (su ch  a s  k .p) are le s s  v a l id . N e v e r th e le s s
q u a l i ta t iv e  r e s u lt s  can be o b ta in e d  u s in g  p a r a b o lic  b an d s and
Boltzm ann s t a t i s t i c s .  For QW la s e r s ,  th e  CHSH r a te  i s  [36]
R=CN , (2.33)
w h ere N and P are th e  a r e a l c a r r ie r  d e n s i t ie s ,  and C i s  a a ^
p r o p o r tio n a l to  e w h ith  AE=--------------------- (E -A), m , m  ^ andm +2m -m g c vc v s
m  ^ are th e  e f f e c t iv e  m asses  in  th e  c o n d u c tio n , v a le n c e  and sp in  
s p l i t - o f f  ban d s w h erea s  E^ and A are th e  bandgap  and s p in -o r b it
s p l i t t in g  r e s p e c t iv e ly .  S im ila r ly  th e  CHCC r a te  i s  p r o p o r t io n a l to
 2 ce N P w h ere  now  AE=----------- E ,T hese e x p r e s s io n s  can  bea a m^+m^ g
in te r p r e te d  as fo llo w s . The CHSH p r o c e ss  in v o lv e s  tw o  h o le s  and on e
2e le c tr o n  so  th a t  th e  r a te  v a r ie s  a s  N P , w h ile  th e  CHCC p r o c e ssa a
in v o lv e s  tw o e le c tr o n s  and on e  h o le . AE in  ea ch  c a s e  i s  g iv e n  by  
th e  minimum th ir d  c a r r ie r  en erg y  r e q u ire d  to  s a t i s f y  th e  
c o n se r v a t io n  la w s. It can  be s e e n  from  th e s e  e x p r e s s io n s  th a t  A uger  
reco m b in a tio n  i s  im p ortan t in  sm a ll gap m a te r ia ls  ( i.e . fo r  lo n g  
w a v e le n g th  la s e r s )  and d e c r e a s e s  w ith  d e c r e a s in g  m^. T h is la t t e r  
p o in t  w ill  p ro v e  to  be o f  c o n s id e r a b le  s ig n if ic a n c e  w hen  d is c u s s in g  
s tr a in e d  la y e r  la s e r s  in  la te r  c h a p te rs .
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Figure 2.2 Band to band Auger recombination.
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INTERVALENCE BAND ABSORPTION
F igu re  (2.3) sh o w s th e  p r o c e ss  o f  in te r v a le n c e  band a b so r p tio n  
(IVBA), w h ereb y  a p h o to n  w h ich  h a s  b een  c r e a te d  fo llo w in g  
e le c tr o n -h o le  reco m b in a tio n  a c r o ss  th e  bandgap  e x c i t e s  an e le c tr o n  
from  th e  sp in  s p l i t - o f f  band  to  an em pty s t a t e  in  th e  h ea v y  h o le  
band, in s te a d  o f  s t im u la t in g  a n o th e r  p h o to n . T h is m echanism  
com p etes  a g a in s t  s t im u la te d  e m iss io n  and i s  an im p ortan t lo s s  
m echanism . B ecau se  th e  p h o to n s  p r e s e n t  in  th e  c a v ity  h a v e  e n e r g ie s  
a t le a s t  eq u a l to  E^, IVBA can  o n ly  ta k e  p la c e  a t k -v a lu e s  w here  
th e  en ergy  se p a r a tio n  b e tw een  th e  s p in - s p l i t - o f f  and h ea v y  h o le  
b an d s i s  com parab le to  th e  band gap  and th e r e fo r e  ta k e s  p la c e  away  
from  th e  zone c e n tr e  in  c o n v e n t io n a l 1.55jnm la s e r s .  The a b so r p tio n  
c o e f f ic ie n t  fo r  t h is  p r o c e ss  in  a quantum  w e ll s tr u c tu r e  i s  g iv en  
by [29]
“l V B A = n V  I  • (2.34)
°  h , s
The lo s s e s  in s id e  th e  a c t iv e  r e g io n , are m ain ly  d u e to  IVBA
[37], w h ich  i s  d ir e c t ly  p r o p o r t io n a l to  th e  h o le  d e n s ity  a t th e  
e n erg y  E^^ (F ig .2.3). In th e  c a s e  w h ere  m^<m^, t h is  p r o c e ss  i s  
e lim in a ted .
LOSS OVER HETEROSTRUCTURE BARRIER
In jec ted  c a r r ie r s  can be th e rm a lly  e x c ite d  o v e r  th e  p o te n tia l  
b a r r ie r  c o n fin in g  them  to  th e  a c t iv e  r e g io n , c a u s in g  them  to  
d if fu s e  o u t and n o t c o n tr ib u te  to  s t im u la te d  e m iss io n . Hot ca r r ie rs  
e x c ite d  by A uger reco m b in a tio n  or  IVBA can a lso  c o n tr ib u te  to  th is  
lea k a g e . B ecau se  o f  th e  la r g e  d if fu s io n  c o e f f ic ie n t  fo r  e le c tr o n s ,
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Figure 2.3 Process of intervalence band absorption.
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th e ir  lea k a g e  cu r r en t i s  la r g e r  th a n  th a t  fo r  h o le s  [38]. When th e  
co n d u c tio n  band o f f s e t  i s  la r g e r  th a n  kT, th erm a lly  e x c ite d  ca r r ie r  
le a k a g e  w ill  make l i t t l e  c o n tr ib u t io n  to  th e  o v e r a ll  l o s s e s  in  th e  
la se r , and so  t h is  p r o c e ss  i s  o f  l i t t l e  r e le v a n c e  to  th e  problem  
in  lo n g  w a v e le n g th  la s e r s  [39 ]. T h is c o n c lu s io n  i s  su p p o rte d  by  
ex p er im en ts  on la s e r s  w ith  t h ic k  w e l ls  w h ere lim ite d  d if fu s io n  is  
e x p e c te d  b u t th e  m easu red  v a lu e s  o f  rem ain  low .
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CHAPTER THREE 
BAND STRUCTURE ENGINEERING
The p u r p o se  o f  t h is  c h a p te r  i s  to  d e sc r ib e  th e  te c h n iq u e s  w h ich  
we h a v e  u se d  fo r  band  s tr u c tu r e  c a lc u la t io n s  in  tw o -d im e n s io n a l  
(2D) sy ste m s. We f i r s t  in tr o d u c e  in  s e c t io n  1 th e  k .p  m ethod  fo r  
b u lk  se m ic o n d u c to rs  w h ile  s e c t io n  3 c o n s id e r s  i t s  a p p lic a t io n  u s in g  
th e  e n v e lo p e  fu n c t io n  a p p ro x im a tio n  to  2D s tr u c tu r e s . In s e c t io n  2, 
an a lte r n a t iv e  m ethod  (th e o r y  o f  in v a r ia n ts )  fo r  d e r iv in g  th e  b u lk  
H am ilton ian  b a se d  on sym m etry i s  o u tlin e d . T h is m ethod  a llo w s  u s  to  
a v o id  th e  cum bersom e p e r tu r b a tio n  schem e o f  s e c t io n  1. 
L a ttic e -m ism a tch ed  s tr u c tu r e s  are  c o n s id er e d  in  s e c t io n  4, w h ere  we  
d e sc r ib e  how  l ig h t - h o le  b e h a v io u r  can  be a c h ie v e d  fo r  w e lls  u n d er  
b ia x ia l  co m p ress io n . S e c t io n  6 d e s c r ib e s  th e  c a lc u la t io n  o f  th e  
o p t ic a l  d ip o le  m atr ix  e le m e n ts  (n eed ed  fo r  la s e r  ga in ) ta k in g  
b a n d -m ix in g  e f f e c t s  in to  a c c o u n t. In t h is  c h a p te r  and  a r e la te d  
a p p en d ix , we c o n s id e r  fo r  th e  f i r s t  tim e tw o s tr a in -d e p e n d e n t  
e f f e c t s .  On th e  o n e  h and , we d e r iv e  in  th e  a p p en d ix  th e  ch a n g es  o f  
e le c tr o n  and h o le  m a sses  in  th e  p r e se n c e  o f  (O O l)-strain  b a se d  on  
th e  th e o r y  o f  in v a r ia n ts . S eco n d ly , we sh ow  in  s e c t io n  5 th e  
e f f e c t s  o f  s tr a in -d e p e n d e n t  l in e a r -k  term s w h ich  are  p r e s e n t  in  th e  
v a le n c e -b a n d  H am ilton ian  o f  z in c -b le n d e  se m ic o n d u c to rs . We f in d  
th a t  th e  s p l i t t in g s  o f  th e  v a le n c e  band s t a t e s  d u e to  th e s e  term s  
are im p ortan t and m ust be in c lu d e d  in  s tu d ie s  o f  quantum  w e lls
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u n d er  b ia x ia l  t e n s io n , w ith  la r g e  b u i l t - in  s tr a in s .
3.1 k .p  METHOD
S e p a ra tin g  th e  e le c tr o n s  in to  co re  e le c tr o n s  ( t ig h t ly  boun d  to
n u c le i  ) and v a le n c e  e le c tr o n s , th e  t o ta l  H am ilton ian  in  a c r y s ta l
c o n s is t s  o f  th e  k in e t ic  en erg y  o f  th e  io n s  and e le c tr o n s  and th e ir
in te r a c t io n  e n e r g ie s  (e le c tr o n -e le c tr o n , io n - io n , e le c tr o n - io n ) .
B ecau se  th e  io n  m ass i s  ty p ic a l ly  10^ tim es la r g e r  th a n  th a t  o f  th e
e le c tr o n , th e  io n ic  m otion  can  b e  e lim in a te d  a d ia b a t ic a l ly  and
le a d s  to  th e  co n c e p t o f  p h on on s [40]. For th e  e le c tr o n s ,  th e  e x a c t
m any-b ody problem  is  d i f f ic u l t  to  s o lv e  and in  th e  o n e -e le c tr o n
a p p ro x im a tio n  th e  op tim a l p o te n t ia l  th a t  ta k e s  p a r t  o f  th e
e le c tr o n -e le c tr o n  in te r a c t io n  in to  a cco u n t i s  th e  H a rtree -F o ck
p o te n t ia l  [41]. It i s  n o n lo c a l, b u t fo r  c a lc u la t io n s  in  s o l id s
e x ch a n g e  i s  u s u a lly  a c c o u n ted  fo r  by a lo c a l  p o t e n t ia l  [42]
(a v era g in g  o v e r  th e  e le c tr o n  ch a rg e  d e n s i t ie s  o f  th e  H a rtree -F o ck
p o te n tia l) . B ecau se  th e  v ib r a t io n s  o f  th e  io n s  a b o u t th e ir
eq u ilib r iu m  p o s it io n s  are sm a ll, i t  i s  u s e fu l  o f te n  to  c o n s id e r
ju s t  th e  in te r a c t io n s  o f  th e  e le c tr o n s  w ith  th e  p e r fe c t  s t a t ic
la t t ic e  and to  tr e a t  v ib r a t io n s  s e p a r a te ly  v ia  th e  e le c tr o n -p h o n o n
in te r a c t io n  [40]. The o n e -e le c tr o n  S ch ro e d in g e r  e q u a t io n  becom es  
2
o
V(r) h a s  th e  t r a n s la t io n a l  sym m etry o f  th e  l a t t ic e  and th e  B loch  
s ta t e s ,  c h a r a c te r is e d  by a band in d e x  n and a (rea l)  w ave v e c to r  k, 
can be w r itte n  as
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w here u^j^(r) h a s  th e  p e r io d ic it y  o f  th e  la t t ic e .  S u b s t itu t in g  (3.2)
in  (3.1) y ie ld s  
2
h2 ^  k.p+V(r)
. 2 . 2
(3.3)
The d e ter m in a tio n  o f  th e  s e l f - c o n s i s t e n t  p o te n t ia l  V(r) is
co m p u ta tio n a lly  d i f f ic u l t  and tim e-co n su m in g  [40]. In ste a d , i f  we
know th e  e ig e n s ta te s  and e ig e n e n e r g ie s  a t a p o in t  k^ (i.e . th e
s o lu t io n s  o f  H u (r)=E °u  (r)) we can  w r iteo mo m mo^
unk  m mo
m
■(r)=) (3.4)
S u b s t itu t in g  (3 .4 ) in  (3.3), m u lt ip ly in g  by u^^ (r) and in te g r a t in g  
o v e r  a u n it  c e l l  g iv e s
m
(^-k^ZPnmo
(n )_
m
(n )
n (3.5)
w h e r e  p nm u (r)p u (r) dr are  momentum m atrix  e lem en ts , no ^  mo
T h erefo re  i f  we know  a l l  and  p ^ ^ , th e  en erg y  sp ectru m  a t any k
p o in t can  be o b ta in ed  from  th e  m atrix  e q u a tio n  (3.5). H ow ever,
th e r e  i s  an in f in i ty  o f  s t a t e s  u a t  k  and th e  e x a c t  s o lu t io n  i sno  o
n o t p o s s ib le . In s te a d  on e u s u a l ly  d iv id e s  th e  u in to  tw o s e t sno
[43]: s e t  (A) w h o se  s t a t e s  a re  tr e a te d  e x a c t ly , and s e t  (B) w h ose
s ta t e s  are n o t o f  d ir e c t  in t e r e s t  fo r  d eterm in in g  E^(k) and are
tr e a te d  by p e r tu r b a tio n  th e o r y . In t h is  r e sp e c t , k .p  th e o r y  can be
se en  as an e x te n s io n  o f  p e r tu r b a tio n  th e o r y  to  d e g e n e r a te  (or
q u a s i-d e g e n e r a te )  s ta t e s .  W riting  H=H^+H' (w here, from  (3.5),
H'=^ k.p), H' u s u a lly  in to d u c e s  o f f -d ia g o n a l  e le m en ts  b etw een  
o
s ta t e s  in  (A) and (B). To k eep  t h is  s e c t io n  g e n e r a l we assu m e th a t
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H' d o es  n o t dep en d  on  k  o n ly  b u t  can  in c lu d e  s tr a in  e , and m agn etic
an d /or  e le c tr ic  f ie ld s  s o  lo n g  a s  th e y  r e p r e s e n t  a p e r tu r b a tio n  to
To e lim in a te  th e  o f f -d ia g o n a l  e le m en ts  o f  H b e tw een  s ta t e s  in
(A) and s t a t e s  in  (B) w e in tr o d u c e  a  u n ita r y  tr a n sfo r m a tio n  S su ch
— -S  Sth a t  th e  e f f e c t iv e  H am ilton ian  H=e He h as no o f f -d ia g o n a l  
e lem en ts  b etw een  s t a t e s  in  (A) and s t a t e s  in  (B) up to  th e  r e q u ire d  
ord er  in  H' [43,44], The m a tr ix  e le m e n ts  o f  H b e tw een  s t a t e s  in  (A) 
are [44]
H ,=H mm mm - £ V s m   • (2.6)s
w h ere m, m', ... are in  (A), and s , s ', ... in  (B).
The c o e f f ic ie n t s  in  (3.4) f o r  m in  (A) are o b ta in e d  by
d ia g o n a lis in g  H, w h erea s  fo r  s t a t e s  in  (B) th e y  are g iv e n  by [43]
sm  m
s „ _
m “  S3
E _ ( k )  - H  •
(3.6) i s  a g e n e r a l e q u a tio n , a ssu m in g  th a t  th e  s t a t e s  in  (A) do n o t  
h a v e  th e  sam e en ergy . I f  d e g e n e r a c y  o ccu rs  th en
' (^.8)
s s  m
and f o r  a s in g le  s t a t e  in  (A) th e  e q u a tio n  s im p lif ie s  to
-  _  V" l^ m s  ' ^
^mm~^mm"2. g O  _ g O  ' "  '
s  s  m
T h is p ro ced u re  can be c a r r ie d  o u t  to  any ord er  in  H'. We w ill  
u s u a lly  in c lu d e  term s in  H th a t  are  q u a d ra tic  in  k  and l in e a r  in  
s tr a in  e e x c e p t  w h ere  h ig h e r  o rd er  term s are im p o rta n t, su c h  as  
c o n s id er in g  n o n p a r a b o lic ity  o f  th e  c o n d u c tio n  band w h ich  r e q u ir e s
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4term s o f  o rd er  k  .
The s p in -o r b it  in te r a c t io n  m u st be in c lu d ed , p a r t ic u la r ly  w hen  
c o n s id e r in g  th e  v a le n c e  band  s t a t e s  o f  a sem ico n d u cto r . It i s  
d eterm in ed  by [42]
H =— — A (7Vxp).o-, (3.10)
4mo
w here <r are  th e  P a u li o p e r a to r s .
The in c lu s io n  o f  th e  s p in -o r b it  in te r a c t io n  in  (3.1) le a d s  to  tw o
e x tr a  term s in  (3.5), H and H, and i t  i s  a ls o  n e c e ssa r y  tos o  K S O
r e p la c e  k .p  in  H' by k.II, w h ere
n=p+-^^-----— (o- xVV)
4m c o
, 2
and H, =-----  „(VVxk).cr . (3.11)
4m c2o
^ k so  u s u a lly  sm a ll com pared to  can  be tr e a te d  in  tw o
se p a r a te  w ays [44]. F ir s t ly , i t  can  b e  in c lu d e d  in  so  th a t  u^^
are s t a t e s  o f  th e  d o u b le  grou p  r e p r e s e n ta t io n . T h is p ro ced u re  i s
g e n e r a l and h o ld s  fo r  s p in -o r b it  in te r a c t io n s  o f  any s tr e n g th .
S econ d ly , i t  can be in c lu d e d  in  H' s o  th a t  u are  s t a t e s  o f  th eno
s in g le  group  r e p r e s e n ta t io n . T h is p ro ced u re  i s  v a l id  fo r  w eak  
s p in -o r b it  in te r a c t io n .
One sh o u ld  be c a r e fu l th a t  en o u g h  s t a t e s  are  tr e a te d  e x a c t ly  
( i.e . b e lo n g  to  s e t  (A)) to  r e p r o d u c e  th e  band s tr u c tu r e  [45]. For  
exam ple, sm all gap m a te r ia ls  r e q u ir e  an e x a c t  tre a tm e n t o f  th e  
co u p lin g  b etw een  th e  c o n d u c tio n  and v a le n c e  b an d s [46 ], w h ereas in
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la rg e  gap sem ic o n d u c to rs , th e  c o n d u c tio n  and v a le n c e  b an d s can  be  
tr e a te d  s e p a r a te ly  [47].
In c o n s tr u c t in g  th e  s tr a in  H am ilton ian , B ir and P ik u s  [44] n o te
th a t  s tr a in  d eform s th e  u n it  c e l l  so  th a t  th e  p e r tu r b e d  s t a t e s  do
n o t h a v e  th e  sam e p e r io d ic ity  a s  th e  u n p er tu rb ed  s t a t e s .  To r e s to r e
th e  sam e p e r io d ic ity , a c o o r d in a te  tr a n sfo r m a tio n  i s  n e c e ssa r y . For
sm all s tr a in s , th e y  f in d  th r e e  c o n tr ib u t io n s  to  H', nam ely
H +H +H , , w h ere [44] e e s o  e k
m
He s o  m (eVV)((rp)-(V(GV).[<rp])-((rVV)(ep)
(3.12)
w h ere V. . -i j  2-Ô lim
V ^ [( l+ e )r ] -V ^ (r )
1 J i j
T h ere fo re  i f  no m agn etic  or e le c t r ic  f ie ld  i s  p r e s e n t  H=H +H' ( Hso
can be in c lu d e d  e ith e r  in  H o r  H') ando
w here h
(3.13)
o
The m ethod  d e sc r ib e d  h ere  i s  v e r y  g en era l. In i t s  u s e  d if fe r e n t  
a u th o r s  u se  a v a r ie ty  o f  a p p r o x im a tio n s  [48 -53 ], in c lu d in g  th e  
num ber o f  s t a t e s  tr e a te d  e x a c t ly , th e  ord er  to  w h ich  term s in  k  and  
G and how  t h e ir  m ixed e f f e c t s  are  tr e a te d  in  H, d e p en d in g  on th e  
a p p lic a t io n  b e in g  c o n s id er e d .
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3.2 THEORY OF INV AR IA NTS
U sin g  sym m etry c o n s id e r a t io n s , L u ttin g er  [54] and th e n  Bir and  
P ik u s [44] sh ow ed  th a t  t h e  e f f e c t iv e  H am ilton ian  H can be  
c o n str u c te d  a s  an in v a r ia n t  e x p a n s io n  w ith  a p p ro p r ia te
c o e f f ic ie n ts .  T h ese  c o e f f ic ie n t s  (band p aram eters, d e fo rm a tio n  
p o te n t ia ls ,e tc )  can b e  o b ta in e d  from  e x p e r im en ta l d a ta , or  
th e o r e t ic a l ly  from  th e  p e r tu r b a tio n  schem e d e v e lo p e d  in  th e  
p r e v io u s  s e c t io n . S in ce  th e  e f f e c t iv e  H am ilton ian  i s  c o n s tr u c te d  on  
group th e o r e t ic a l  g ro u n d s, w e r e v ie w  b r ie f ly  th e  sym m etry  
p r o p e r tie s  o f  se m ic o n d u c to rs  o f  th e  z in c -b le n d e  fam ily . T h is  
s tr u c tu r e  c o n s is t s  o f  tw o  in te r -p e n e tr a t in g  fa c e -c e n tr e d -c u b ic  
l a t t ic e s  and d if f e r s  from  t h e  d iam ond s tr u c tu r e  by th e  p r e se n c e  o f  
tw o d if fe r e n t  ty p e s  o f  a tom s, le a d in g  to  a la c k  o f  in v e r s io n  
sym m etry a t th e  m id -p o in t b e tw e e n  n e ig h b o u r in g  atom s. T h is
in to d u c e s  e x tr a  term s in to  th e  H am ilton ian  com pared to  th e  diam ond  
H am ilton ian , know n as in v e r s io n  asym m etry term s [46].
The sym m etry o p e r a tio n s  in  c r y s ta ls  in c lu d e  r o ta t io n s  th ro u g h  
f in i t e  a n g le s , so  th a t  e v e r y  p o in t  grou p  i s  a su b g ro u p  o f  th e  f u l l  
o r th o g o n a l group  ( fu l l  r o ta t io n  grou p  p lu s  in v e r s io n ) . Thus i t  i s  
n o t su r p r is in g  th a t  a n g u la r  m omentum  th e o r y  p la y s  an im p ortan t r o le  
in  s o lid  s ta t e  p h y s ic s  [55]. The p o in t  group  o f  th e  z in c -b le n d e  
la t t ic e  i s  T^. The s in g le  grou p  h a s  f iv e  ir r e d u c ib le
r e p r e s e n ta t io n s  [56] la b e lle d  to  and are
o n e -d im e n sio n a l, i s  tw o -d im e n s io n a l and and F^ are each
th r e e -d im e n s io n a l. When s p in -o r b it  in te r a c t io n  i s  in c lu d ed , th e  
d o u b le  group  h as th r e e  ir r e d u c ib le  r e p r e se n ta t io n s :  F^ and F^ are
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T a b le  3.1 M u ltip lic a tio n  ta b le  fo r  T^ p o in t  grou p
^1 S S S ' TT ' U U ' + V V ' P P ' + Q Q ' + R R '
^2 T ST' U V ' - V U '
U SU' - T V U V ' + V U ' / 3  ( P P ' - QQ '  )
^3 V SV' TU ' U U ' - V V ' 2 R R ' - P P ' - Q Q ’
p SP' TX ' ( /" 3 U -V  ) P ' - (v 'T v  + u )X ' Q R ' - R Q '  ■
^4 Q SQ' TY ' -  (v''3U + V ) Q' ( / 3 V - U ) Y ' R P ' - P R '
R SR' TZ ' 2 VR ' 2UZ ' P Q ' - Q P ’
X SX' TP ' -  ( v 'T v + u ) P' ( / 3 U - V ) X ' Q R ' + R Q ’
^5 Y SY' TQ' ( v' Tv - u ) q ' - ( / 3 U  + V)  Y' R P ' + P R '
Z SZ' TR ' 2 UR ' 2VZ ' P Q ' + Q P ’
^1 X X ' + Y Y ' + Z Z '
^2 P X ' + Q Y ' + R Z '
2 R Z ' - P X ' - Q Y ' / y ( X X ' - Y Y ' )
^3 / 3  ( Q Y ' - P X ' ) 2 Z Z ' - X X ' - YY'
Q Z ' + R Y ’ Y Z ' - Z Y '
^4 R X ' + P Z ' Z X ’ - X Z '
P Y ' +QX' X Y ' - Y X '
Q Z ' - R Y ' Y Z ' + Z Y '
^5 R X ' - P Z ' Z X ' + X Z '
P Y ' - Q X ' X Y ' + Y X '
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tw o -d im e n s io n a l, w h ereas Fg i s  fo u r -d im e n sio n a l. F or la te r  u se , we 
g iv e  in  ta b le  3.1 th e  m u lt ip lic a t io n  ta b le  o f  [57 ], w h ere  S 
tra n sfo rm s a cco rd in g  to  F^, T a cco rd in g  to  F^ and so  on as d e fin e d  
in  th e  se co n d  colum n.
In th e  d ir e c t-g a p  se m ic o n d u c to rs , b o th  th e  c o n d u c tio n  band  
minimum and v a le n c e  band maximum occu r  a t  th e  F p o in t  (k^=0). The 
form er tra n sfo r m s a cco rd in g  to  F  ^ ( i.e . S) and th e  la t t e r  acco rd in g  
to  F g ( th r e e - fo ld  d e g e n e r a te  X,Y,Z) in  th e  s in g le  group  
r e p r e s e n ta t io n . When we in c lu d e  s p in -o r b it  co u p lin g , th e  c o n d u c tio n  
band minimum tra n sfo rm s a c c o rd in g  to  F^ ( tw o -fo ld  d eg e n e r a te )  
w h erea s  th e  v a le n c e  band maximum s p l i t s  in to  an u p p er  F g band  
( fo u r - fo ld  d e g e n e r a te )  and a lo w e r  Fy sp in  s p l i t - o f f  band  (tw o -fo ld  
d e g e n e r a te )  s e p a r a te d  from  th e  F g s t a t e s  by th e  sp in  o r b it  
s p l i t t in g  (se e  f ig u r e  3.1). T h ese  r e p r e s e n ta t io n s  r e s u lt  from  
th e  r e d u c tio n  o f  th e  ir r e d u c ib le  d o u b le  group  r e p r e s e n ta t io n s  o f  
th e  f u l l  o r th o g o n a l group  fo r  F^), Dg^^( fo r  Fg) ad
Fy) [46], w h ere  D j, D j co r re sp o n d  to  an ev e n  or od d  r e p r e s e n ta t io n  
w ith  r e s p e c t  to  in v e r s io n  w ith  t o t a l  a n g u la r  momentum J. A p o s s ib le  
c h o ic e  o f  th e  b a s is  s ta t e s  i s  [42]
l s| > , |s |>
Fg H eavy h o le s  1 |  (X+iY)j>, 11 ,-|>= :^  | (X -iY )|>
L ig h t h o le s  1 | (X +iY )J^>-v^ | zj>
1 Z ^ >  , (3.14)
w h ere | , ^  m eans sp in  up and dow n r e s p e c t iv e ly . The p h a se  fa c to r s  
in  (3.14) are  c h o se n  to  co r re sp o n d  to  th e  u s u a l r e p r e s e n ta t io n  o f  
a n g u la r  momentum [55]
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I I , (3.15)
w h ere j i s  th e  t o ta l  a n g u la r  momentum num ber, J ^ -J 2  th e  r a is in g  and  
lo w e r in g  o p e r a to r s  and m^ . th e  o r b ita l  num ber; m j=-j,...,+ j.
The '3' d ir e c t io n  (z in  (3.14)) r e p r e s e n ts  th e  q u a n t is a t io n  a x is ,  
and i s  u s u a lly  ta k e n  to  b e  a lo n g  th e  d ir e c t io n  o f  th e  main 
p e r tu r b a tio n  (e.g . m agn etic  f ie ld  or  grow th  d ir e c t io n ) . For b u lk  
band s tr u c tu r e s , or  fo r  p e r tu r b a tio n s  a lo n g  th e  c r y s ta llo g r a p h ic  
<001> d ir e c t io n s , th e  a x e s  '1','2','3' are  u s u a l ly  c h o sen  to  
c o in c id e  w ith  x ,y ,z . We w il l  m ain ly  w ork in  t h e s e  c o n d it io n s  e x c ep t  
in  c h a p te r  6, w h ere th e  grow th  d ir e c t io n  i s  a lo n g  (111).
To c o n s tr u c t  th e  H am ilton ian  H b e tw een  s t a t e s  in  s e t  (A) th a t  
tra n sfo rm  a cco rd in g  to  th e  ir r e d u c ib le  r e p r e s e n ta t io n s  F^, F^,... 
o f  d im en sio n  n^, n^, . . .r e s p e c t iv e ly , th e r e  w il l  be in trab an d
m a tr ice s  H '^ ,^ H^^, .. o f  d im en sion  (n xn  ), (n xn  ), ...andOC OC p
in te r b a n d  m a tr ices  H^^, ... o f  d im en sion  (n^xn^)................. The
H am ilton ian  d ep en d s on th e  t e n s o r  com p on en ts o f  th e  w a v e v e c to r  k, 
s tr a in  e , m agn etic  f ie ld  H an d /o r  e le c tr ic  f ie ld  E. A ll th e se  
com p on en ts are d en o ted  K and tran sform  a c co rd in g  to  c e r ta in  law s  
u n d er  th e  sym m etry o p e r a tio n s  o f  T^. For exam p le , th e  k  com ponents  
tran sform  as an ord in a ry  v e c to r , w h ich  tr a n sfo r m s a cco rd in g  to  F^. 
A ccord in g  to  th e  th e o r y  o f  in v a r ia n ts , H^^(K) can  b e  exp an d ed  in to
( K.) (k)*p r o d u c ts  o f  (n xn_) m a tr ices  ' and ir r e d u c ib le  com p on en ts  K , a m m
th a t  are form ed o f  p ro d u c ts  and p o w ers o f  th e  co m p o n en ts  o f  K up to  
th e  d e s ir e d  ord er  [44]:
H^^^(K)=:Ta T  . (3.16)K m mK m
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The p aram eters a^ (m ass p a ra m eters , d e fo rm a tio n  p o te n t ia ls ,  g
v a lu e s)  are s p e c if ic  to  th e  m a te r ia l u n d er c o n s id e r a t io n , k. d e n o te s
an ir r e d u c ib le  r e p r e s e n ta t io n  c o n ta in e d  in  th e  d ir e c t  p ro d u ct  
*F^xFp. In com p osin g  th e  H am ilton ian  (3,1^> tw o r e s t r ic t io n s  m ust be  
o b se r v ed  fo r  th e  c o n s tr u c t io n  o f  t h e  in tra b a n d  m a tr ice s  :
1) The c o e f f ic ie n t s  a^ h a v e  to  b e  c h o se n  so  th a t  H i s  H erm itian ,
2) Due to  tim e r e v e r s a l  sym m etry, o n ly  term s th a t  are  b o th  ev en  or
odd w ith  r e s p e c t  to  tim e r e v e r s a l  sh o u ld  rem ain. T h is m eans th a t
term s w h ere a m atr ix  X^  ^ i s  e v e n  and a com ponent  ^ i s  odd ( orm ^ m
v ic e -v e r s a )  sh o u ld  be d isr e g a r d e d . Time r e v e r s a l  d o e s  n o t  a f fe c t  
th e  in te r b a n d  m a tr ices  [44].
2T able 3-2 g iv e s  th e  d is t r ib u t io n  o f  fu n c t io n s  in  T^ up to  k  , e
and ek . T h ese  can be o b ta in e d  from  ta b le  3-1 by n o tin g  th a t  a
s tr a in  com p onent tra n sfo r m s  l ik e  th e  p ro d u ct k^k^ ( th is  i s  th e
d e f in it io n  o f  a se co n d  ran k  te n so r ) . T able 3-2 a ls o  l i s t s  th e  4
m a tr ices  (1, <r^ , <r^ , cr^ ) f o r  th e  c o n s tr u c t io n  o f  H^ *^  (F<
r e p r e s e n ta t io n  n^=2), and th e  16 m a tr ices  f(J ) n eed ed  fo r  th e
c o n s tr u c t io n  o f  th e  v a le n c e  H am ilton ian  (Fg r e p r e s e n ta t io n
n^=4). It  a lso  g iv e s  th e ir  tra n sfo r m a tio n  p r o p e r t ie s  u n d er tim e
r e v e r sa l. T h ese  can  be o b ta in e d  by n o tin g  th a t  <r , o- , o* , J , J ,X y  z X y
Jg and k^, k^, k^ are  odd w ith  r e s p e c t  to  tim e r e v e r s a l  [44], and  
th e  p ro d u ct o f  com p on en ts th a t  a re  b o th  ev e n  or b o th  odd i s  ev en , 
w h ereas th e  p r o d u ct o f  an e v e n  by  an odd com p on en t i s  odd.
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T a b le  3.2 D is tr ib u t io n  o f  fu n c t io n s
f  (o-) f ( J ) f ( k ) S t r a i n  f ( G )
E ven Odd E v e n Odd E ven Odd E ven
^ 1 S ^ 2 I 4 e +e +e X X  V V  z z
^2 T A '^v'^z'^ '^z'^vA
U ' ^ ( k ^ - k ^ ) ' ^ ( ' ^ x x ' S y )
^ 3 V 3 ( j 2 - 1 j 2 ) 2 k 2 - k 2 - k 2 2e - e  - e  z z  X X  V V
p
Q ^ y :  4
^ 4 R crz - z =  2 :
X Ux V z kx ^ y z
Y Uy VV ■"z^ x^ \ ^ ZX
^ 5 Z ^ z Vz „ . , .V y , . . , k z ^ x v
Ma g n e t i c 
f i e l d  f  Ch )
E l e c t r i c
f i e l d  f  CE) ' "="r  f ( e . k )t e r m s
Od d E v en Odd
L h 2 E
2
^ x ^ v z ^ ^ v ^  z x ^ ^ z ^ x v
^ 2
H : V ^(E " ^ ( ^ x S z - V z x )
^3
Hy 3E ^ -Z ^ ^ z ^ x v  ^ x ^ v z  ^ v ^ z x
Hx ^ x v ^ v  ^ x z ^ z ’ ^^vv ^ z z ^ ^ x
^ v z ^ z  ^ v x ^ x ' ^^z z  ^ x x ^ ^ v
H z ^ z x ^ x  ^ z V ^ V ' ^^XX ^ V V ^^z
Hy Hz Hx = HyHz k x t::=  : ( = : x x - L : - ' : ) k ^ :  '^ x y V '^ x z '^ z
^ 5 H z H x Hy: HzHx k ^ t r e :  ( c ^ ^ - | t r O k ^ ;  e^ ^ k ^ + c^ ^ k ^
Hx Hy Hz: HxHy (« = z z - L : : ' : ) k ^ :  ' ^ z x V S y k y
CAB}=|(AB+BA)
V ^ = { ( j 2 - j 2 ) J ^ ) .  V y = { ( j 2 - j 2 ) y ,  V ^ = { ( j 2 - j 2 ) j ^ } .
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C o n s t r u c t io n  o f
The H am ilton ian  to  d e s c r ib e  th e  fo u r  h ig h e s t  v a le n c e  ban d s
i s  o b ta in ed  u s in g  [56]
C o n sid er in g  term s up to  k  , we s e e  from  ta b le  3-2 th a t  th e r e  are no
■4
2
com p on en ts f(k ) th a t  tra n sfo rm  a cco rd in g  to  o r  F  ^ so  th a t  [54]
(3,17)
The o r ig in  h as b een  ta k e n  a t th e  to p  o f  th e  v a le n c e  band, c.p
d e n o te s  c y c lic  p erm u ta tio n  and (AB}=^(AB+BA). Eq. (3,17) h a s  been  
rea rra n g ed  to  o b ta in  th e  u n iv e r s a l  L u ttin g e r  p a ra m eters  and
The term  c o n ta in in g  C r e p r e s e n ts  th e  l in e a r  k term s, w h ich  
v a n is h  in  th e  diam ond la t t ic e  d ue to  in v e r s io n  sym m etry. In th e  
III-V sem ic o n d u c to rs , th e s e  term s are v e r y  sm a ll [58] and are  
g e n e r a lly  n e g le c te d .
U sing  th e  a n g u la r  momentum r e p r e s e n ta t io n  fo r  J=^ co rresp o n d in g
to  eq. (3.14), th e  m a tr ices  e x p r e s s e d  in  th e  b a s is
|3  L , 13 31 I 2 '" 2  I 2 '" 2
0 /3 0 0 0 0 0 3 0 0 0
1 /3 0 2 0 1 i / 3  0 - 2 i  0 ,  1 0 1 0 0
2 0 2 0 ^3 "2 2 0 2 i 0 -i^3 "3 2 0 0 -1 0
0 0 y/3 0 0 0 i / 3  0 0 0 0 -3
(3.18)
S u b s t itu t in g  (3.18) in  (3.17) and n e g le c t in g  th e  l in e a r -k  term s  
g iv e s
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w h ere a =-—  + 2m
*
b c o
b
*c
a_ o c
o a -b  
* *o c -b  a^
(3-1
b==|^  (2V^r3)k (^k -^iky)
O
:^ 2(kLky)-2ir3k^ ky (3.19)
from  w h ich  we can d e r iv e  th a t  th e  h e a v y -h o le  m ass a lo n g  (001), 
nihh(001)> i s  g iv e n  by m ^^(001)=(y-2y.^), th e  l ig h t - h o le  m ass,'hh
mih(OOl) by m^^(0 0 1 )=(y^+2 y 2 )> a lon g  (111), m ^ ^ (lll)= (y^ -2yg).
C o n s t r u c t io n  o f
The H am ilton ian  H^^ to  d e sc r ib e  th e  lo w e s t  c o n d u c tio n  band n ear  
r (k=0) i s  o b ta in e d  by u s in g  3""3 g iv e s  th e
com p on en ts f(k ) up to  k^ th a t  tra n sfo rm  a cco rd in g  to  or and  
w h ich  can  be in c o rp o ra te d  to  a c c o u n t fo r  h ig h e r  o r d e r  e f f e c t s .  T h is  
ta b le  can  be o b ta in e d  by s u c c e s s iv e  a p p lic a t io n s  o f  ta b le  3-1. The 
c o n d u c tio n  band H am ilton ian  i s  [59]
2 2
H ''''= [H g4 .& ^ «^ k ^ + g^ (k V 4-c .p )]l2+ y^ [k ^ (k ^ -k ^ )o -^ + c .p ] . (3.20)
'O 1 'O -i" "i o' ' 1 o'
U sing  0-^ = 1 0 ’ "^ 2= i  0 ' °'3= 0 -1 and lg= 0 1 , we g e t
o c
(3.21)
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w h ere m i s  th e  c o n d u c tio n  band  zon e c e n tr e  e f f e c t iv e  m ass, and a , c o
/3  ^ and d e sc r ib e  n o n -p a r a b o lic ity , w arp ing and s p in - s p l i t t in g  
e f f e c t s  r e s p e c t iv e ly .
T a b le  3.3 D is tr ib u t io n  o f  fu n c t io n s  up to
n eed ed  fo r  c o n d u c tio n  band H am ilton ian .
f  (<r ) f ( k )
E ven Odd E ven Odd
^1 S ^2 k^; k S  k ^ k ^ + k V tk ^ k ^
P ^X k x ( k ' - k z )
^4 Q ^ v
R <rz k z ( k L k y )
In th e  p r e se n c e  o f  s tr a in , th e  e le c tr o n ic  s tr u c tu r e  can  be
o b ta in ed  by in c o r p o r a tin g  s tr a in  com p on en ts in  th e  e f f e c t iv e
H am ilton ian  up to  th e  d e s ir e d  ord er. In th e  c a s e  o f  (O O l)-strain
in d u ced  by a b ia x ia l  s t r e s s  in  th e  x - y  p la n e , a s  we c o n s id e r  la te r ,
th e  X -  and y - d ir e c t io n s  are  s tr a in e d  in  th e  sam e w ay e =e ,XX yy
w h ereas th e  z -a x is  r e la x e s  in  th e  o p p o s ite  d ir e c t io n  w ith  g iv e n
by e =— e w h ere  o- i s  P o is so n 's  r a t io  [60]. A ll th ez z  1-0* X X
o f f -d ia g o n a l  e le m en ts  o f  th e  s tr a in  te n so r  v a n is h  fo r  an (001)
s tr a in . The s tr a in  d u e to  su c h  a b ia x ia l  s t r e s s  can be tr e a te d  a s  a
com b in ation  o f  a h y d r o s ta t ic  com p onent and a u n ia x ia l  com ponent.
The form er i s  due to  th e  fr a c t io n a l  vo lu m e ch an ge
~ /= tr(e)= G  +e +e , and d o e s  n o t  ch an ge th e  sym m etry o f  th e  V XX y y  zz ®
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la t t ic e .  The la t t e r  c h a n g e s  t h e  sym m etry, in tr o d u c in g  s p l i t t in g s  o f  
d e g e n e r a te  s t a t e s  and a n is o tr o p ie s  in  th e  e f f e c t iv e  m asses. 
In c lu d in g  term s l in e a r  in  s tr a in  e , and b ilin e a r  in  e and k  in  th e  
e f f e c t iv e  H am ilton ian  and u s in g  ta b le  3-2 we can w r ite  
H^'^=a^tr(e)
. (3.22)
The term s H _ th a t  a c c o u n t f o r  th e  s tr a in  d ep en d en ce  o f  e f f e c t iv e  
c k “
m asses are c o n s id e r e d  in  th e  a p p en d ix . To our k n o w led g e , t h is  i s  
th e  f ir s t  d e r iv a t io n  o f  t h e s e  term s from  sym m etry c o n s id e r a t io n s .
in tr o d u c e s  l in e a r  s p l i t t in g s  o f  th e  v a le n c e  b an d s aw ay from  th e  
s tr a in  a x is  and i s  d is c u s s e d  fu r th e r  in  s e c t io n  5. The m ost 
im p ortan t term s o r ig in a te  from  th e  f ir s t  ord er  p e r tu r b a tio n
[44], w h ose  m atr ix  e le m e n ts  b e tw een  d if fe r e n t  u^^ d e f in e  
d efo rm a tio n  p o t e n t ia ls  a^, a^ and b [44]. The h y d r o s ta t ic  term  
(co n ta in in g  tr (c )) c a u se s  a c h a n g e  in  bandgap AEg=(a^-a^)tr(e). The 
u n ia x ia l  com p onent i s  r e -w r it t e n  u s in g  th e  m a tr ices  (3.18)
e
S 0 0 0
0 -s 0 0
0 0 -S  00 0 0 s
, w h ere  S=b(e -c  ) . (3.23)X X  z z
The d eg en era cy  o f  th e  h e a v y  (m^=-^) and l ig h t - h o le  (m^=-^) s ta t e s  
i s  s p l i t ,  w ith  th e  o rd er  o f  th e  s p l i t t in g  d ep en d in g  on th e  s ig n  o f  
S. We ta k e  th e  s tr a in  d ir e c t io n  a s  th e  q u a n tisa t io n  a x is  and show  
in  f ig . (3.2) how  th e  m a sse s  becom e a n is o tr o p ic  w ith  th e  
in tr o d u c t io n  o f  a x ia l  s tr a in .
““W  — QQIn th e  a b o v e , w e h a v e  c o n s tr u c te d  H and H se p a r a te ly .
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^ 6 ^
. .
g
Figure 3.1 Single and double group representations 
of l l l -V  semiconduotors.
Unstrained
JL s tr a in //s tr a in
+3
_L s tr a in //s tr a in
+1
Uniaxial tension Uniaxial compression
Figure 3.2 Strain e ffec ts  in bulk semiconductors.
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T rebin  e t  a l  [46] h a v e  c o n s tr u c te d  th e  H am ilton ian  w h ere th e  
co u p lin g  b etw een  th e  c o n d u c t io n  and v a le n c e  b an d s i s  tr e a te d  
e x a c tly . The c a lc u la t io n  o f  th e  in te r b a n d  m a tr ices  i s  n e c e ssa r y
and th e  in tra b a n d  m a tr ice s  a re  s t i l l  g iv e n  by (3.17) and (3.20) 
e x c e p t  th a t  th e  e x p a n s io n  c o e f f ic i e n t s  are d if fe r e n t  s in c e  th e y  do 
n o t in c lu d e  th e  c o n tr ib u t io n  from  (Fg) in  th e  c a s e  o f  
and C (m^, a^, and y^). T h is  c o n tr ib u t io n  i s  in c lu d e d  e x a c t ly  in  
th e  in terb a n d  m a tr ices . H av in g  e s ta b l is h e d  th e  g e n e r a l form  o f  th e  
H am ilton ian  in  b u lk  m a te r ia ls , w e now  tu rn  to  th e  s u p e la t t ic e  (or  
quantum  w ell) problem .
3.3 ENVELOPE FUNCTION APPROXIMATION IN 2D SYSTEMS
The e n v e lo p e  fu n c t io n  m eth od  h a s  lo n g  been  u se d  s u c c e s s f u lly  to  
s tu d y  sh a llo w  im p u rity  l e v e l s  and th e  e f f e c t s  o f  an e x te r n a l  
m agnetic  f ie ld  on b u lk  se m ic o n d u c to r s  [61], and is  an e x te n s io n  o f  
th e  e f f e c t iv e  m ass a p p r o x im a tio n  to  d e g e n e r a te  s ta t e s .  In th is  
m ethod, th e  m otion  o f  e le c tr o n s  n ea r  an extrem um  k^ in  a p ertu rb ed  
f ie ld  i s  e q u iv a le n t  to  th e  m o tio n  o f  a p a r t ic le  w ith  a d e f in ite  
e f f e c t iv e  m ass in  th e  e x te r n a l  f ie ld .  For d e g e n e r a te  band s, th e  
m otion  o f  th e  p a r t ic le  i s  d e s c r ib e d  by a s e t  o f  e q u a t io n s  w ith  th e  
o p e r a to r  H(-iV) th a t  d e te r m in e s  th e  spectrum  n ea r  k^, w h ere k  i s  
re p la ced  by -iV [61]. T h is  m eth od  i s  v a lid  i f  th e  e x te r n a l f ie ld s  
vary  s lo w ly  on th e  s c a le  o f  th e  la t t ic e  c o n sta n t. The th e o r y  h as  
been  e x te n d ed  to  h e te r o s tr u c tu r e s  [62-65], w h ere  th e  e x te r n a l  
p o te n t ia l  i s  r e p r e se n te d  by  th e  v a r ia t io n  o f  th e  band extrem a w ith  
p o s it io n . In th e  c a s e  o f  no ch a r g e  tr a n s fe r  b e tw een  th e  d if fe r e n t  
m a ter ia ls  ( f la t  band c o n d it io n s )  i t  i s  c le a r  th a t  th e  p o te n t ia l
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ch an ge is  ab ru p t a t th e  in te r fa c e  and th e  a ssu m p tio n  seem s crude. 
H ow ever th e  agreem en t o f  t h is  m odel w ith  ex p er im en t and m ore 
e la b o r a te  m odels i s  s tr ik in g  [4 ]. P art o f  th e  r e a so n  is  th a t  th e  
e le c tr o n  ch arge  d e n s ity  a t th e  in te r fa c e  i s  n e g l ig ib le  ( a t l e a s t  
fo r  r e la t iv e ly  th ic k  w e lls )  and m ore d e ta ile d  j u s t i f ic a t io n  fo r  i t s  
u se  h a s b een  g iv e n  by B urt [66]. Away from  th e  in te r fa c e , we 
re q u ire  th a t  th e  m ethod  r e p r o d u c e s  th e  e x a c t  k .p band s tr u c tu r e  in  
each  m a ter ia l up to  th e  r e q u ir e d  ord er . The in te r fa c e  can be d e a lt  
w ith  in  tw o  w ays :
1) By m a cro scop ic  b ou n d ary  c o n d it io n s  c o n n e c tin g  e n v e lo p e  fu n c tio n s  
on each  s id e  o f  th e  in te r fa c e  [67].
2) By a llo w in g  th e  m a ter ia l p a ra m eters  to  v a ry  w ith  p o s it io n  w ith  
s u ita b le  sy m m etr isa tio n  o f  o p e r a to r s  to  k eep  them  H erm itian  [68].
The w ave fu n c t io n  in  ea ch  m a te r ia l i s  exp an d ed  in  term s o f  th e
b u lk  e ig e n s ta te s .  H ow ever, b e c a u se  o f  th e  in te r fa c e s  one h as to
in c lu d e , in  a d d it io n  to  p r o p a g a tin g  p la n e  w a v es , e v a n e s c e n t  s ta t e s
c h a r a c te r ise d  by an  im a g in a ry  w a v e  v e c to r
/. \ r—' , . X / .  \ / .  \ ( i k  r^^^+ik z)
^ ^( r) =y C ^ ^ ^ k  k ^ ^ ^ )u ^ ^ \r )e  ^ ^ , (3.24)ii p z no
n
w h ere k  =(k ,k ) and r  =(x,y) are  in  th e  p la n e  o f  th e  in te r fa c ep X y p ^
(assum ed to  be in f in i t e  so  th a t  k^ i s  a good  quantum  num ber). The 
in d e x  n i s  summed o v e r  a l l  s t a t e s  th a t  are tr e a te d  e x a c t ly  in  k.p  
th e o r y  (i.e . b e lo n g  to  s e t  (A)) and i= l, 2 d e n o te s  th e  d if fe r e n t  
m a ter ia ls . M aking th e  u s u a l a ssu m p tio n  th a t  th e  p e r io d ic  B loch  
fu n c t io n s  u^^ are a p p r o x im a te ly  th e  sam e in  a l l  m a te r ia ls  form ing  
th e  s u p e r la t t ic e  [4 ], (3.24) becom es
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^  ik  r
0(r)= ) F (z)u (r)en no (3.25)
n
w h ere F(z) is  a s lo w ly  v a r y in g  e n v e lo p e  fu n c tio n . When tr e a t in g  a 
quantum  w e ll, F(z) g o e s  to  zero  a t in f in ity  in  th e  b a r r ie r s , 
w h erea s in  a s u p e r la t t ic e ,  F(z) h a s th e  p e r io d ic ity  o f  th e  
su p e r la t t ic e . The S c h r o ed in g er  e q u a tio n  can th e n  be w r itte n  as
.d ^(r)=Ei//(r) . (3.26)
With ^(r) g iv e n  by (3.25) and assu m in g  th a t  F(z) i s  s lo w ly  v a ry in g  
so  th a t  i t  can be ta k en  o u t o f  th e  in te g r a l, on e f in d s
(3.27)H F +VF =EF mn n m m
n
Put in  a m atrix  form , t h is  e q u a tio n  can th en  be w r itte n
F=EF (3.28)
w h ere 1 i s  th e  u n it  m a tr ix , and  F th e  colum n v e c to r
D iffe r e n t  c o n f ig u r a t io n s  are p o s s ib le  fo r  th e  band l in e -u p s  
b etw een  n e ig h b o u r in g  la y e r s . The e le c tr o n s  and h o le s  can be e ith e r  
co n fin e d  in  th e  sam e (sm a ll gap) m a ter ia l r e fe r r e d  to  as a ty p e  I 
s tr u c tu r e  (se e  f ig . 3.3) or in  d if fe r e n t  la y e r s  (ty p e  II). B oth th e  
ex p er im en ta l and t h e o r e t ic a l  d e term in a tio n  o f  th e  b a n d -o f fs e t s  
p r e se n t  a c h a lle n g e  b e c a u se  th e y  r e q u ire  th e  k n o w led g e  o f  th e  
a b s o lu te  v a lu e s  o f  band ed g e  p o s it io n s  [69,70], so  are o f te n  
d eterm in ed  em p ir ica lly . For la s e r  a p p lic a t io n s  a s  we c o n s id e r  
la te r , la rg e  o p t ic a l  m atrix  e le m en ts  are r e q u ired  b e tw een  e le c tr o n  
and h o le  w a v e fu n c tio n s , w h ich  n e c e s s i ta t e  th a t  th e  e le c tr o n  and
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h o le  s t a t e s  are n o t s p a t ia l ly  se p a r a te d , b u t h e r e  a ty p e  I 
c o n f ig u r a t io n .
Up to  se co n d  o rd er  in  k  th e  e f f e c t iv e  H am ilton ian  H w ill
 ^ ''Zc o n s is t  o f  term s o f  th e  form  B(z)k^ and A(z)k^, fo r  w h ich  we ad op t  
th e  H erm itian  form s -i^  [B (z)|—+-r^B(z)] and A(z)“  r e s p e c t iv e lyCa  ^Z o Z u Z o Z
(A and B b e in g  ty p ic a l  band p aram eters). In th e  c a lc u la t io n s  w h ich  
are u se d  a s  in p u t  to  ou r  la s e r  c a lc u la t io n s , and e lse w h e r e , we 
c a lc u la te  th e  band s tr u c tu r e  by f i r s t  s o lv in g  (3.28) fo r  ^^=0 and  
ig n o r in g  th e  o f f -d ia g o n a l  e le m en ts  o f  H ( in  m ost c a s e s  H h a s  no 
o f f -d ia g o n a l  e lem en ts  anyw ay fo r  k^=0 so  w h at we a re  c a lc u la t in g  
c o r r e sp o n d s  to  th e  zone c e n tr e  s ta te s ) .  T h is g iv e s
2m _ _ 2 n n nn az
w h ere m i s  an e f f e c t iv e  m ass fo r  th e  s ta t e  n u n d er  c o n s id e r a t io n ,  n
The e n v e lo p e  fu n c t io n s  F^^  ^ s a t i s f y  th e  s ta n d a r d  bou n d ary
" 1 dFc o n d it io n s  th a t  F (z) and -------1------  are c o n t in u o u s  a c r o ss  th en  ^ m dzn
in te r fa c e  [67]. The F^ "^  ^ (bound and unbound) form  a co m p le te  s e t  
and can  th e r e fo r e  be u se d  to  c o n s tr u c t  th e  w e ll s t a t e s  a t  any v a lu e  
o f  k P
(3.30)
n j
In p r a c t ic e  o n ly  a few  s t a t e s  are n eed ed  fo r  th e  c o n v e r g e n c e  o f  th e  
r e s u lt s  c lo s e  to  th e  zon e c e n tr e . W .Batty [71] h a s  com pared band  
s tr u c tu r e s  w ith  th e  a b o v e  te c h n iq u e  w ith  th o s e  c a lc u la te d  u s in g  th e  
m o d ified  v a r ia t io n a l  m ethod o f  A lta r e l l i  and c o -w o r k e r s  [72] and  
f in d s  th a t  th e y  are in  co m p lete  agreem en t w hen c o n v erg ed . H aving
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e s ta b lis h e d  th e  form al a p p a r a tu s  o f  band  s tr u c tu r e  c a lc u la t io n s  in  
2D sy ste m s, we tu rn  to  a sym m etry c o n s id e r a t io n  o f  th e s e  
s tr u c tu r e s .
In th e  c a se  o f  (O O l)-grow th, th e  p o in t  grou p  o f  th e
s u p e r la t t ic e  i s  D^^ [73], w h ich  i s  a su b g ro u p  o f  T^. T here are f iv e
ir r e d u c ib le  r e p r e s e n ta t io n s  o f  th e  s in g le  grou p  [56]: to  F^, and
tw o ir r e d u c ib le  r e p r e s e n ta t io n s  o f  th e  d o u b le  group: F^ and F.^
(b oth  tw o -d im e n sio n a l) . T h ese  tw o  r e p r e s e n ta t io n s  are  n o t
d e g en era te  by tim e r e v e r s a l  [56 ], s o  th a t  th e  maximum d eg en era cy  a t
th e  SL zone c e n tr e  i s  tw o . The s p l i t t in g  o f  th e  fo u r - fo ld
d e g en era te  b u lk  Fg s t a t e s  o c c u r s  n a tu r a lly  in  th e  a b o v e  m odel,
w h ere th e  d if fe r e n t  m a sses  o f  th e  h e a v y -  and l ig h t -  h o le  band s g iv e
r is e  to  d if fe r e n t  co n fin em en t e n e r g ie s . The p r e se n c e  o f  th e  lin e a r
k  term s in  eq.(3.17) m ixes s l ig h t ly  th e  h e a v y -  and l ig h t - h o le
c h a r a c te r s  o f  th e  w ave fu n c t io n s  a t  th e  zone c e n tr e . From
eq.(3.19), we s e e  th a t  th e  m a sse s  are a n is o tr o p ic  w ith  r e sp e c t  to
th e  grow th  d ir e c t io n . The 'h e a v y -h o le ' band (mj=-^) is
_ 2h e a v y -h o le - l ik e  p e r p e n d ic u la r  to  th e  in te r fa c e  m^^^=(y^-2y 2 ) in
th e  d ia g o n a l a p p rox im ation  h a s  a c o m p a ra tiv e ly  low  e f f e c t iv e  m ass 
in  th e  QW p la n e  ^hhp~^^1^^2^' o p p o s ite  o c c u r s  fo r  th e
T ig h t-h o le ' band (m^=-^) w h ere  ^lhp"^^l~^2^
(d ia g o n a l ap p rox im ation  n e g le c t s  th e  o f f -d ia g o n a l  e le m en ts  o f  
). In p r a c tic e , band m ix in g  e f f e c t s  in  th e  v a le n c e  band are  
im p ortan t and m^^^ i s  l ig h t - h o le  l ik e  o n ly  o v e r  a sm all en ergy  
range.
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3.4 LATTICE MISMATCHED STRUCTURES
3.4-1  STABILITY
If we co n n e c t tw o  c r y s t a ls  h a v in g  th e  sam e s tr u c tu r e , b u t  
d if fe r e n t  la t t ic e  c o n s ta n ts , th e r e  are tw o lim it in g  c a s e s . In th e  
f ir s t  c a se , th e  la y e r s  are  u n d er  b ia x ia l  co m p ress io n  and te n s io n ,  
so  th a t  th e ir  in -p la n e  la t t ic e  c o n s ta n t  i s  th e  sam e. T h is i s  th e  
s tr a in e d  regim e and th e  in te r fa c e  i s  c o h e r en t. On th e  o th e r  hand , 
th e  atom s can  e s ta b l is h  a s  m any b on d s a s  p o s s ib le ,  k e ep in g  th e  
u n p ertu rb ed  la t t ic e  c o n s ta n ts . T h is  i s  th e  (p a r t ia lly  or fu lly )  
r e la x e d  regim e, w h ere  la r g e  d e n s i t ie s  o f  d is lo c a t io n s  are  
g en era ted . The f i r s t  reg im e can  o c c u r  i f  th e  la y e r  th ic k n e s e s  are  
b elow  th e  c r it ic a l  la y e r  t h ic k n e s s  (se e  f ig u r e  3.4), w h ich  h a s  
been  e v a lu a te d  t h e o r e t ic a l ly  [74,75] and e x p e r im e n ta lly  [76]. The 
c r it ic a l  th ic k n e s s  i s  d e p e n d e n t on th e  m a te r ia ls  u n d er  
c o n s id e r a t io n  and on th e  d e g r e e  o f  la t t ic e  m ism atch. Two d if fe r e n t  
th e o r ie s  e x is t  fo r  c a lc u la t in g  c r it ic a l  la y e r  th ic k n e s s e s ,  w h ich  
g iv e  d if fe r e n t  r e s u lt s :  th e  m ech a n ica l eq u ilib r iu m  m odel [74] i s  
b ased  on com paring th e  t e n s io n  in  th e  d is lo c a t io n  w ith  th e  fo r c e  
e x e r te d  on th e  d is lo c a t io n  l in e  by  m is f it  s tr e s s .  The en ergy  
b a la n ce  m odel [75] i s  b a se d  on th e  com p arison  b e tw een  th e  en erg y  
s to r e d  in  th e  s tr a in e d  la y e r  and  th e  en erg y  c o s t  to  g e n e r a te  m is f it  
d is lo c a t io n s . In b o th  c a s e s , i t  i s  e n e r g e t ic a l ly  fa v o u r a b le  fo r  a 
th in  la y e r  to  be in  th e  s tr a in e d  reg im e. As ty p ic a l exam p les , F r itz  
e t  a l [77] sh ow ed  th a t  g o o d  q u a l i ty  grow th  can be a c h ie v e d  in  th e  
GaAs-In^Ga^_^As sytem  a s  lo n g  a s
cL 3 100 A % z
48
w h ere g i s  th e  p e r c en ta g e  m ism atch , w h ile  A n d ersso n  e t  a l [78] 
a c h ie v e d  eL^=200 A % in  th e  sam e m a ter ia l sy stem .
The s tr a in s  in  each  la y e r  o f  a p seu d om orp h ic  sy s te m  can be  
d eterm in ed  by  m in im isin g  th e  m a cro sco p ic  e la s t ic  e n erg y , u n d er  th e  
c o n s tr a in t  th a t  th e  la t t ic e  c o n s ta n t  in  th e  p la n e  (a^) i s  th e  sam e  
th r o u g h o u t th e  s tr u c tu r e  [70]. Two ex trem e c a s e s  can  be c o n s id e r e d  
and are i l lu s t r a t e d  in  f ig .  3.4. For a s u p e r la t t ic e  w ith  f in i t e  
la y e r  t h ic k n e s s e s ,  th e  s tr a in s  are  sh a red  b e tw een  th e  tw o  m a te r ia ls  
w h erea s  in  th e  c a s e  o f  a sm a ll num ber o f  m ism atched  w e ll  la y e r s  
b etw een  v e r y  th ic k  b a r r ie r s , a l l  th e  s tr a in  i s  in c o r p o r a te d  in  th e  
w e ll m a te r ia l (so  th a t  a^ e q u a ls  th e  la t t ic e  c o n s ta n t  o f  th e  
b a rr ier ). T h is b u i l t - in  s tr a in  can  m od ify  s u b s t a n t ia l ly  th e  
e le c tr o n ic  s tr u c tu r e  a s  d is c u s s e d  b e low  o f fe r in g  an e x tr a  d eg ree  o f  
freedom  fo r  d e v ic e  a p p lic a t io n s .
3 .4 -2  ELECTRONIC STRUCTURE
B eca u se  a^ i s  th e  sam e th r o u g h o u t th e  c r y s ta l  in  f ig . 3.4, k^ 
i s  s t i l l  a good  quantum  num ber and th e  e le c tr o n ic  s tr u c tu r e  o f  
p seu d o m o rp h ic  s u p e r la t t ic e s  or  quantum  w e lls  can  b e  o b ta in e d  by  
a p p ly in g  th e  e n v e lo p e  fu n c tio n  a p p rox im ation  to  th e  e f f e c t iv e  
H am ilton ian  in c lu d in g  s tr a in  com p on en ts up to  th e  d e s ir e d  order. 
The s o lu t io n s  are  s t i l l  g iv e n  by (3.28) w h ere H now  in c lu d e s  s tr a in  
term s. The band o f f s e t s  V(z) are f i r s t  d e f in e d  to  be b e tw een  band  
e d g e s  o f  th e  u n s tr a in e d  m a te r ia ls . K now ledge o f  th e  a b s o lu te  v a lu e s  
o f  a^ and a^ i s  n e c e s s a r y  fo r  th e o r e t ic a l  a n a ly s is  o f  th e  e f f e c t  o f  
s tr a in  on th e  band a lig n e m e n ts  [70]. T h is i s  a d i f f i c u l t  ta s k  s in c e
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Figure 3.3 Type I quantum wells.
(a) Finite materials (b) Tliin well on semi 
in fin ite  substrate
Figure 3.4 Pseudomorphic strained layer growth.
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m ost ex p er im en ts  g iv e  th e  d if fe r e n c e  (a^-a^ ). The u n ia x ia l  
com p onent o f  th e  s tr a in  c a u s e s  th e  h ea v y — and l i g h t - h o le  s ta t e s  to  
s e e  d if fe r e n t  o f f s e t s ,  a s  sh ow n  in  eq. (3.23). In th e  c a se  o f  a  
b ia x ia l  co m p ressio n  in  th e  x - y  p la n e , th e  'h e a v y -h o le ' band  s h i f t s  
upw ards in  en ergy  w h erea s th e  ' l ig h t -h o le '  band  s h i f t s  dow n (S>0). 
T h is e f f e c t  in c r e a s e s  th e  zon e  c e n tr e  en e r g y  s e p a r a t io n  b etw een  
l ig h t -  and h e a v y -h o le  su b b a n d s, and band m ix in g  e f f e c t s  in  th e  
v a le n c e  band becom e l e s s  im p o rta n t th a n  in  th e  u n s tr a in e d  ca se . The 
in -p la n e  h o le  m ass fo r  th e  h ig h e s t  su b b an d , m^^^, i s  th en  
l ig h t - h o le - l ik e  o v er  a w id er  e n erg y  ran ge  th a n  in  th e  u n str a in e d  
c a se , o f  p o te n t ia l  b e n e f it  f o r  se m ic o n d u c to r  la s e r  a p p lic a t io n s  
[79]. In th e  c a se  o f  a b ia x ia l  te n s io n  in  th e  x - y  p la n e , quantum  
s iz e  and s tr a in  e f f e c t s  com p ete  a g a in s t  ea ch  o th e r  and th e  av era g e  
p a r a lle l  m ass i s  g e n e r a lly  h e a v y -h o le  l ik e ,  or  can  e v e n  h ave  an  
e le c tr o n - l ik e  d isp e r s io n .
3.5 C . TERMS
From eq.(3.22) we n o t ic e  th e  e x is t e n c e  o f  s tr a in -d e p e n d e n t  
l in e a r -k  term s (co n ta in in g  C^) in  th e  v a le n c e  ban d  e f f e c t iv e  
H am ilton ian . A ll p r e v io u s  w ork  h a s  n e g le c te d  t h e s e  term s. From th e  
p e r tu r b a tio n  schem e d e v e lo p e d  in  s e c t io n  1, i t  can  b e  show n th a t  
th e r e  are tw o  c o n tr ib u t io n s  to  th e  term s :
1) th e  f ir s t  ord er  p e r tu r b a tio n  H^^.
2) or  se co n d  ord er  p e r tu r b a tio n  r e s u lt in g  from  H  ^ and Hj .^
The f ir s t  c o n tr ib u tio n  i s  sm a ll com pared to  th e  se co n d . v a n ish e s  
in  m a te r ia ls  w ith  th e  d iam ond la t t ic e .  We are  p r im a r ily  in te r e s te d  
in  la y e r s  u n d er b ia x ia l  c o m p r e ss io n  fo r  la s e r  a p p lic a t io n s ;  and in
51
t h is  s e c t io n , we sh ow  th a t  th e  c o n tr ib u t io n  from  th e  term s to  
th e  su b b an d  s tr u c tu r e  i s  u s u a l ly  sm a ll in  t h is  c a se . H ow ever, th e  
term s can  becom e im p o rta n t in  th e  c a se  o f  b ia x ia l  t e n s io n  and  
fo r  r e la t iv e ly  la r g e  b u i l t - in  s tr a in s . We u se  th e  in f in i t e  w e ll  
a p p ro x im a tio n  to  c a lc u la te  th e  co n fin em en t e n e r g ie s  and subb and  
d is p e r s io n s  in c lu d in g  th e  term s. The in f in i t e  w e ll  r e s u lt s
s h o u ld  be in  q u a l i ta t iv e  agreem en t w ith  th e  f in i t e  w e ll  ca se , 
s e r v in g  as a g u id e  to  th e  in f lu e n c e  o f  th e  term s.
77VVA dding H^^ to  H^^and H^^ g iv e s
a
Hvv=
a^+S b -
a -  S -rra-  j
a -S  - b - 7 3
a^+S
(3.31)
w h ere a=%C.c (k + ik  ) and e =s -e  . a , b and c can  b e  o b ta in ed  2 4 ax ' X y  ax  zz x x  +
from  eq. (3.19) by r e p la c in g  k^ b y  - i ^ .  I t  can  b e  sh ow n  from
eq. (3.31) th a t  th e  term s s p l i t  th e  v a le n c e  band  d o u b le
d eg e n e r a cy  p e r p e n d ic u la r  to  th e  s tr a in -d ir e c t io n  in  b u lk  m a te r ia ls .
At th e  QW z o n e -c e n tr e  (k^=k^=0 so  th a t  b=c=a=0), th e  e n v e lo p e
fu n c t io n s  s a t i s f y
_ 2  0 ^F^”^ ^(z) , . , X / .
^ ( r , - 2 ï 2 )— ^
Ô z
(3.32)
The lo w e r  and u p p er s ig n s  c o r re sp o n d  to  h e a v y -  (i= l,4 ) and l ig h t -  
(i=2,3) h o le  s ta t e s  r e s p e c t iv e ly . The p o te n t ia l  b a r r ie r  v a n is h e s  
in s id e  th e  w e ll, and e q u a ls  -oo o u ts id e  i t .  The s o lu t io n s  o f  (3.32) 
are
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^2/L s in mlT
w ith  m =l,2,..,. (3.33)
fo r  0<z<Lz
F-” ’ (z)= , 0 o th e r w ise  (3.34)
T hus th e  z o n e -c e n tr e  s ta t e s  are  d o u b ly  d e g e n e r a te , and th e  K H l-LH l 
s p l i t t in g  i s  la r g e r  fo r  b ia x ia l  co m p ressio n  th a n  b ia x ia l  t e n s io n .
The in -p la n e  d is p e r s io n  can  be d eterm in ed  by e v a lu a t io n  o f  th e  
m atrix  e le m en ts  o f  b e tw een  z o n e -c e n tr e  s t a t e s  [80]. For an
in f in i t e  w e ll  we h a v e  
1 ' 3 mn
0 i f  (m+n) e v e n .
We s e e  from  eq . (3.31) th a t  in  th e  a b sen ce  o f  th e  term s,
l ig h t - h o le  s ta t e s  do n o t in te r a c t  d ir e c t ly  w ith  o th e r  l ig h t - h o le  
s t a t e s  n or  do h e a v y -h o le  s t a t e s  in te r a c t  d ir e c t ly  w ith  o th e r  
h e a v y -h o le  s ta t e s .  T h is i s  n o t  th e  c a se  w hen th e  term s are  
in c lu d e d  a s  l ig h t - h o le  s t a t e s  now  in te r a c t  d ir e c t ly  w ith  o th e r  
l ig h t - h o le  s ta t e s .  The term s a lso  in tr o d u c e  in te r a c t io n s  o f
o rd er  k  b e tw een  l ig h t -  and h e a v y -h o le  s ta te s  w ith  th e  sam e su b b an d  
num ber m.
In ord er  to  s e e  th e s e  e f f e c t s  q u a lita t iv e ly , we ta k e  s tr a in e d  
in f in i t e  w e lls  fo r  w h ich  j^=7.61, y^=2.33, 3-^=3.12 and  b=-1.72eV  
and c o n s id e r  w e lls  o f  w id th  50Â and 100Â u n d er  b ia x ia l  te n s io n
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(e^^=2%) and b ia x ia l  c o m p ress io n  (e^^=-2%). The o n ly  ex p er im en ta l
v a lu e  o f  o f  w h ich  we are  aw are i s  C^=11.3eV.Â fo r  InSb [81].
V a lu es o f  h a v e  been  c a lc u la te d  fo r  th e  III-V se m ic o n d u c to rs  by
M .Silver [82] u s in g  th e  e m p ir ica l p s e u d o p o te n t ia l  m ethod , and he
f in d s  to  v a ry  b etw een  3.0eV.Â (InSb) and 6.4eV.Â (AlAs). The
e x p e r im en ta lly  d eterm in ed  v a lu e  i s  th e r e fo r e  la r g e r  by a fa c to r  o f
tw o com pared w ith  th e  t h e o r e t ic a l  one, so  in  o u r  a n a ly s is  we
c a lc u la te  th e  v a le n c e  su b b an d  s tr u c tu r e s  w ith  C^= (a) 0 (b) 5.6 and
(c) ll.B eV .Â  to  d ed u ce  th e  l ik e ly  e f f e c t s  o f  t h e s e  term s.
F ig s .(3.5) and (3.6) co rre sp o n d  to  w e lls  u n d er  b ia x ia l  co m p ressio n
w ith  L^=50Â and 100Â r e s p e c t iv e ly  (a, b and c d is t in g u is h  th e  th r e e
v a lu e s  o f  C^). F ig s .(3.7) and (3.8) g iv e  s im ila r  r e s u l t s  fo r  w e lls
u n d er  b ia x ia l  te n s io n . T h ese  f ig u r e s  confirm  th a t  d o u b le  d eg en era cy
o c c u r s  fo r  C^=0, and th a t  th e  s iz e  o f  th e  s p l i t t in g s  in c r e a s e s  w ith
in c r e a s in g  C^. The s p l i t t in g s  n ea r  th e  v a le n c e  band  maximum are
m ore im p ortan t fo r  b ia x ia l  t e n s io n  th a n  fo r  b ia x ia l  co m p ressio n
b e c a u se  th e  h ig h e s t  s t a t e s  in  th e  la t t e r  c a s e  are m j=-^
( 'h e a v y -h o le ')  s ta t e s  w h ich  are o n ly  p er tu rb ed  by  th e  term s v ia
th e  in te r a c t io n  w ith  ( 'l ig h t-h o le ')  s t a t e s .  In th e  c a se  o f
+1b ia x ia l  te n s io n , th e r e  i s  a d ir e c t  in te r a c t io n  b e tw e e n  m j= ' 2  s ta t e s  
in  a d d it io n  to  th e  p e r tu r b a tio n  v ia  th e  m j=-^ s t a t e s .  The d ir e c t  
in te r a c t io n  le a d s  to  a s p l i t t in g  o f  a p p ro x im a te ly  2C^e^^k b etw een  
th e  tw o h ig h e s t  band s fo r  an in -p la n e  w a v e v e c to r  k. As th e  quantum  
w e lls  in  th e  la s e r  s tr u c tu r e s  w h ich  we c o n s id e r  are  a l l  und er
b ia x ia l  com p ressio n , we th e r e fo r e  n e g le c t  th e  term s in
c a lc u la t in g  th e ir  su b b an d  s tr u c tu r e  and o p t ic a l  ga in .
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Figure 3.5 Valence subband structure  In the infinite 
weii approximation for 5 0 A wells under biaxial 
compression for d iffe ren t vaiues of C .
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Figure 3.6 Valence subband s tructure  in the infinite 
well approximation for 100A wells under biaxial 
compression for d iffe ren t values of C .
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Figure 3.7 Valence subbai^d s truc tu re  in the infin ite 
well approximation for 5 0 A wells under biaxial 
tension for d iffe ren t values of C4.
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Figure 3.8 Valence subband s tructure  In the infinite 
well approximation for 1 0 0 A wells under biaxial 
tension for d iffe ren t values of C . .
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3.6 MOMENTUM MATRIX ELEMENTS
The g a in  in  a se m ic o n d u c to r  la s e r  is  p r o p o r tio n a l to  th e  
a b s o lu te  sq u a re  o f  th e  m atr ix  e lem en t o f  th e  d ip o le  m oment or  
momentum a lo n g  th e  e le c tr ic  f ie ld  d ir e c t io n  [83]. T yp ica l la s e r  
s tr u c tu r e s  can  su p p o r t  tw o  s e t s  o f  m odes [84]: tr a n v e r s e  e le c tr ic  
(TE) and tr a n s v e r s e  m a g n etic  (TM). In th e  form er c a s e , E i s  in  th e  
p lan e  o f  th e  h e te r o s tr u c tu r e  or  in te r fa c e  (x -y  p la n e ), w h erea s in  
th e  la t t e r  c a se  i t  i s  in  th e  d ir e c t io n  p e r p e n d ic u la r  to  t h is  p la n e  
(a lon g  z). For a g iv e n  d ir e c t io n  o f  th e  w ave v e c to r , th e  momentum  
m atrix  e lem en t i s  c a lc u la te d  in c lu d in g  band m ix in g  e f f e c t s ,  and  
th en  p r o je c te d  a lo n g  th e  f ie ld  d ir e c t io n . The r e s u lt in g  sq u ared  
m atrix  e lem en t i s  th e n  a v e r a g ed  o v e r  a l l  w ave v e c to r  d ir e c t io n s .
In b u lk  la s e r s ,  th e  momentum m atrix  e lem en t b e tw een  a
c o n d u c tio n  and a v a le n c e  s t a t e  w ith  w ave v e c to r s  k  and k,c n
r e s p e c t iv e ly  i s  g iv e n  by
w h ere (r)=2__
U cp.(r)pU hk(r)dr (3.36)
c h
c m
(A ^ B )
and
We n e g le c t  th e  c o n tr ib u t io n  from  th e  rem ote ban d s in  s e t  (B). 
A ssum ing th a t  th e  c o u p lin g  b e tw e e n  th e  c o n d u ctio n  and v a le n c e  band s  
i s  tr e a te d  by p e r tu r b a tio n , th e  c o e f f ic ie n t s  C^^^(k^) and C^^^k^) 
are o b ta in ed  by d ia g o n a lis in g  H and H d e r iv e d  in  s e c t io n  2. The
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b a s is  s t a t e s  fo r  th e  c o n d u c tio n  and v a le n c e  b an d s are g iv e n  by
eq.(3,14). T ab le  3.4 g iv e s  th e  momentum m atrix  e le m e n ts  b etw een
t h e s e  s t a t e s  fo r  a  l ig h t - p o la r is a t io n  a lon g  (t), /3, w ith  r e sp e c t
to  th e  (O O l)-cry sta llo g ra p h ic  a x is .  U sing t h is  ta b le  and th e
c o e f f ic ie n t s  C  ^ ) and C ^ ^ \k , ), p^, can be o b ta in e d  fo r  TEm ' c n ' h ^ch
(t7=1, /3=^=0) and TM (?=1, t)=/3=0) m odes. The draw b ack  o f  t h is
'exact' m ethod  i s  th a t  th e  a v e r a g e  o v er  a l l  d ir e c t io n s  o f  k  i s  n o t
p o s s ib le . T h is d i f f ic u l t y  w as s u c c e s s f u lly  overcom e by A sada and
c o -w o r k e r s  [29 ], who u se d  th e  s p h e r ic a l a p p ro x im a tio n  fo r
d e sc r ib in g  th e  v a le n c e  band (i.e . by l e t t in g  iri (3.17)). In
t h is  c a se , th e  a v e r a g e  can  b e  p erform ed  a n a ly t ic a lly  by c h o o s in g
th e  d ir e c t io n  o f  k  a s  th e  q u a n tis a t io n  a x is . T hey f in d  th a t  in  b u lk
la s e r s ,  TE and TM m odes h a v e  e q u a l d ip o le s . They e x te n d e d  t h is
m ethod to  QW la s e r s  to  d e r iv e  ap p rox im ate  e x p r e s s io n s  [29].
H ow ever, th e  s p h e r ic a l  m odel d o e s  n o t d e sc r ib e  2D sy s te m s  w e ll and
in  p a r t ic u la r  u n d e r -e s t im a te s  b an d -m ix in g  e f f e c t s .  A m ethod  w h ich
in c lu d e s  band m ix in g  e f f e c t s  and overcom es th e  prob lem  o f  a v e r a g in g
o v e r  d if f e r e n t  d ir e c t io n s  o f  k  in  th e  w e ll p la n e  i s  th e  a x ia lP
a p p ro x im a tio n . We d e sc r ib e  t h is  m ethod n e x t.
The 4x4 v a le n c e  e f f e c t iv e  H am ilton ian  can be d e c o u p le d  in to  tw o  
in d e p e n d e n t 2x2 m a tr ice s  u s in g  th e  B roido-Sham  tra n s fo r m a tio n  [85]
H=
a  ^ | b | - i | c  
I bI+iI c I a (3.38)
2
w h ere | b | =-— 2T/3y.k k2m 3 z po
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o1/2
- ,  2 (3.39)2 X y '  ^*'3 2^  ^ X y
w h ere th e  a x ia l  a p p rox im ation  h a s b een  u se d  in  (3.39) to  e lim in a te  
th e  a n g u la r  d ep en d en ce  o f  | c  | .
Eq. (3.38) sh o w s e x p l ic i t ly  th a t  th e  v a le n c e  b an d s are d ou b ly  
d e g e n e r a te . D ou ble d eg en era cy  a lso  o cc u r s  in  th e  c o n d u c tio n  band i f  
we n e g le c t  th e  term s in  (3.21). T aking th e  sum o f  th e  sq u ared  
momentum m atrix  e lem en ts  fo r  a l l  d e g e n e r a te  s t a t e s  a t  a g iv e n  v a lu e  
o f  I kp I , th e  a v era g e  m atrix  e lem en t fo r  th a t  v a lu e  o f  k^ is
TE m odes
TM m odes
M Ch 1 4 1  Cl I 
2M f i C i (3,40)
w h ere and d e n o te  th e  'h ea v y -' and ' lig h t - '  h o le  c h a r a c te r  o f  
th e  v a le n c e  w ave fu n c tio n  a t kj^, o b ta in ed  by d ia g o n a lis in g  one o f  
th e  tw o  2x2 m a tr ices . 'Heavy' and 'lig h t' i s  d e f in e d  .h e r e  in  term s  
o f  th e  c h a r a c te r  o f  th e  s t a t e s  a lo n g  th e  z -d ir e c t io n . M is  th e  
momentum m atrix  e lem en t (s e e  eq . (A2) in  th e  a p p en d ix ), r e la te d  to
m , E and A by  C B
o g 3^
m -  1 (3.41)
Eq. (3.40) can  be in te r p r e te d  b y  n o tin g  th a t  th e  h e a v y -h o le  s ta t e s  
as d e f in e d  are t o t a l ly  p o la r is e d  in  th e  x -y  p la n e  (and th e r e fo r e  
h a v e  no c o n tr ib u t io n  to  TM m odes) w h erea s  th e  l ig h t - h o le  s t a t e s  are  
on e th ir d  p o la r is e d  in  th e  x - y  p la n e  and tw o th ir d s  a lon g  z. We 
assum e in  ou r c a lc u la t io n s  fo r  QW la s e r s  th a t  th e  c o n d u c tio n  and  
v a le n c e  z o n e -c e n tr e  e n v e lo p e  fu n c t io n s  o v e r la p  as
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F^”^ \z )F j^ \z)d z  ~ Ôim (3.42)
Eq.(3.42) h o ld s  e x a c t ly  in  th e  in f in i t e  w e ll  c a se . F or f in i t e  
w e lls , th e  d if fe r e n c e  in  e f f e c t iv e  m asses and o f f s e t s  fo r  th e  
e le c tr o n s  and h e a v y -  ( l ig h t - )  h o le s  c a u se s  a s l ig h t  d e v ia t io n  from  
th e  K ron eck er d e lta , b u t we f in d  th a t  eq.(3.42) a c ts  a s  a good  
ap p ro x im a tio n  in  th e  c a s e s  s tu d ie d . The sq u ared  m atr ix  e lem en ts  fo r  
t r a n s it io n s  b e tw e e n  th e  m^^ c o n d u c tio n  and v a le n c e  su b b a n d s are  
th en  g iv e n  by
TE m odes
TM m odes
« k  k^ “cp hp
(3.43)
T h ese are th e  e x p r e s s io n s  w h ich  we u s e  w hen c a lc u la t in g  la s e r  g a in  
in  la te r  c h a p te r s  o f  t h is  t h e s i s .
T a b le  3.4 O p tic a l m atr ix  e lem en ts  in  u n its  
o f  M fo r  l ig h t  p o la r is a t io n  a lon g  (77, 13, Ç)
< s î l p | |  |> :^(r) + ip) < s | | p | |  |> 0
< s | | p | |  |> - ^ 2 / 3  Ç < S | | p | f  |>
P 2 '2' -7 | ( i l - i | 3 ) i  - 2' -V2/3  Ç
<s Î I p ! |  -|> 0 < s | | p | §  -|>
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CHAPTER FOUR 
STRUCTURE OPTIMISATION
4.1 INTRODUCTION
In t h is  c h a p te r , we c o n s id e r  th e  d e s ig n  o f  a s tr a in e d - la y e r  
quantum  w e ll la s e r  to  o p e r a te  a t  1.55/im, th e  dom in ant w a v e le n g th  in  
o p t ic a l com m u n ication s [ 8 6 ]. We c h o o s e  our sem ic o n d u c to r  from  am ong 
th e  I ll-V  com pounds b e c a u se  t h e ir  te c h n o lo g y  i s  a lrea d y  w e ll  
d e v e lo p ed  fo r  o p to e le c tr o n ic  a p p lic a t io n s  d ue to  th e ir  su p e r io r  
bond s tr e n g th  and s tr u c tu r a l  s t a b i l i t y  com pared to  th e  11-Vl 
com pounds [87]. We c o n s id e r  g ro w th  o f  quantum  w e lls  on on e o f  th e  
common l l l -V  s u b s tr a te s ,  GaAs o r  InP. We h a v e  s e e n  from  c h a p te r  3 
th a t  th e  w e ll m a te r ia l m u st h a v e  a la rg e r  la t t ic e  c o n s ta n t  th an  th e  
s u b s tr a te  in  o rd er  to  a c h ie v e  a fa v o u r a b le  band s tr u c tu r e . The 
a llo y s  b a sed  on  GaSb and InSb are  n o t w e ll s tu d ie d , and so  we 
c h o o se  th e  tern a ry  a l lo y  sy ste m  Ga^ln^_^As to  form  th e  quantum  
w e lls . G aA s-b ased  s tr u c tu r e s  w ith  InAs w e lls  h a v e  b een  p r e d ic te d  to  
h ave  low  th r e s h o ld  c u r r e n t  d e n s i t ie s  [ 8 8 ]. H ow ever, su c h  G aA s-b ased  
la se r  s tr u c tu r e s  w o u ld  r e q u ir e  a s u b s ta n t ia l  la tt ic e -m ism a tc h  
b etw een  th e  w e lls  and b a r r ie r s  to  o p e r a te  a t  1.55/im, w ith  th e  
m ism atch b e l ie v e d  to  b e  s ig n if ic a n t ly  la r g e r  th a n  th a t  req u ired  fo r  
good  q u a lity  grow th . InP h a s  a la r g e r  la t t ic e  c o n s ta n t  th an  GaAs, 
lea d in g  to  a red u ced  b u t  s t i l l  s ig n if ic a n t  la tt ic e -m ism a tc h  so  we 
c o n s id e r  an InP s u b s tr a te  a s  th e  b e s t  c h o ic e  fo r  th e  grow th  o f  
s tr a in e d - la y e r  l,55jum la s e r s .
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4.2 InP-BA SED  STRUCTURES
We p r o p o se  a  s p e c i f ic  In P -b a sed , s tr a in e d  la y e r , s e p a r a te  
co n fin em en t h e te r o s tr u c tu r e  (SCH) la s e r  o p e r a tin g  a t  1.55pm, 
c o rre sp o n d in g  to  a p h o to n  e n e r g y  o f  0.8eV (F igu re 4.1). We c o n s id e r  
th r e e  d if f e r e n t  s tr u c tu r e s  w ith  w e ll th ic k n e s s e s  o f  20Â, 35Â, 
and 100Â r e s p e c t iv e ly .  The w e l ls  c o n s is t  o f  und oped  Ga^ln^_.^As w ith  
X c h o se n  fo r  ea ch  w id th  to  e n su r e  an o p t ic a l  gap o f  0.8eV. We f in d  
in  each  c a s e  th a t  eL^<100Â% w h ere e i s  th e  p e r c en ta g e  
la tt ic e -m ism a tc h . F r itz  e t  a l. [77] sh ow ed  good  q u a lity  grow th  in  
th e  G aAs-lnG aAs sy stem  fo r  eL^ up to  a t  le a s t  100Â% w h ile  A n d ersso n  
e t  a l. [78] a c h ie v e d  h ig h  q u a lity  up to  an ord er  o f  200Â%, so  i t  i s  
e x p e c te d  th a t  th e  s tr u c tu r e s  c o n s id e r e d  h ere  sh o u ld  be s ta b le .  
Quantum c o n fin em en t i s  a c h ie v e d  by sa n d w ich in g  th e  w e lls  b e tw een  
q u a tern a ry  Ga^In^_^ASyP^^_y. b a r r ie r s , la t t ic e  m atched  to  InP. 
S ep a ra te  o p t ic a l  co n fin e m e n t i s  a c h ie v e d  w ith  an InP c la d d in g  a b o v e  
and b e low  th e  q u a te r n a r y  r e g io n . Two com peting  e f f e c t s  n eed  to  b e  
co n s id er e d  in  o p tim is in g  th e  s tr u c tu r e  show n in  F ig .4.1. On th e  on e  
hand, o p t ic a l  co n fin e m e n t i s  en h a n ced  by in c r e a s in g  x and y. On th e  
o th e r  hand , t h is  d e c r e a s e s  th e  quantum  co n fin em en t b e tw een  th e  
w e lls  and q u a tern a ry  b a r r ie r s . We h a v e  n o t a ttem p ted  to  d eterm in e  
th e  optim um  q u a te r n a r y  c o m p o sit io n  fo r  th e  b a r r ie r  b u t f in d  th a t  
w ith  x=0.14 and y=0.3, n e ith e r  th e  o p t ic a l n or  th e  quantum  
con fin em en t i s  s ig n if ic a n t ly  d egrad ed .
For s im p lic ity , we assu m e th a t  a l l  th e  s tr a in  i s  in c o r p o r a te d  
in  th e  w e lls . The w e lls  are  s u f f ic ie n t ly  w id e ly  s e p a r a te d  th a t  
minimum o v e r la p  o c c u r s  b e tw e e n  s t a t e s  in  d if f e r e n t  w e lls . The
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e le c tr o n ic  s tr u c tu r e  can th e n  be d e sc r ib e d  by th a t  o f  an is o la te d  
w e ll. We ta k e  th e  z -a x is  to  b e  a lo n g  th e  [001] g ro w th  d ir e c t io n .  
U nder b ia x ia l  com p ressio n  in  th e  x - y  p la n e , th e  tw o  h o r iz o n ta l a x e s  
e x p e r ie n c e  eq u a l s tr a in s , ^^x^^yy* th e  s tr a in  a lo n g  th e
z -d ir e c t io n  i s  o f  o p p o s ite  s ig n  and i s  g iv e n  by [89]
(4.1)
w h e r e  a n d  c i r e  t h e  e l a s t i c  s t i f f n e s s  c o n s t a n t s ;  a n d
e  = ( a  , - a  ) / a  , , w i t h  a  , b e i n g  t h e  s u b s t r a t e  l a t t i c eX X  s u b  u n s '^ '  s u b  s u b
c o n s t a n t  a n d  a  t h e  ( u n s t r a i n e d )  l a t t i c e  c o n s t a n t  o f  t h e  a l l o y  u n s
l a y e r .
InP c la d d in g  
4  Q u a t e r n a r y  b a r r i e r s
IIn G a A s  w e l l s
F ig u r e  4.1 P rop osed  In P -b a sed  s tr u c tu r e .
The ch an ge  in  bandgap, AE^, due to  th e  h y d r o s ta t ic  com p onent o f
s tr a in  i s
AE = a( e + e + e ), g X X  y y  zz (4.2)
w h ere a i s  d e fin e d  as th e  h y d r o s ta t ic  d efo rm a tio n  p o te n t ia l .
The a x ia l  s tr a in  com ponent l i f t s  th e  d eg en era cy  o f  th e  v a le n c e  band  
maximum. The h e a v y -h o le  i s  s h i f t e d  upw ards by an e n e r g y  S, w h ere
(4.3)
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w h ile , fo r  sm all a x ia l  s tr a in , th e  l ig h t - h o le  i s  s h i f t e d  e q u a lly  
dow nw ards.
T able 4.1 g iv e s  th e  m a ter ia l p a ra m eters  u se d  in  ou r  c a lc u la t io n s  
[90]. The v a lu e s  fo r  th e  te r n a r y  Ga^In^_^As are  fo u n d  by l in e a r  
in te r p o la t io n  b etw een  th o s e  o f  InAs and GaAs.
TABLE 4 . 1 :  M a t e r i a l  P a r a m e t e r s
L a t t i c e  
c o n s t a n t ( Â)
B a n d g a p
( e V )
Hyd D e f  
P o t ( e V )
S p l  D e f  
P o t  ( e  V )
A(eV)
I n As 6 . 0 5 8 4 0 . 3 6 - 8 . 2 3 - 2 . 0 0. 45 0 . 3 8
G aA s 5 . 6 5 3 3 1 . 4 2 4 - 6  . 0 - 1 . 8 0 . 54 0 . 3 4
Q 5 . 8 6 8 6 1 .  1 4 0 - - - 0 . 1 9 3
I n P 5 . 8 6 8 6 1 . 3 5 - - - -
? ! ^ 2 ?3
I n A s 19.67 8 . 3 7 9 . 2 9
G aA s 7 . 65 2 . 4 1 3 . 2 8
Q 6.49 2 . 1 9 2 . 5 5
The s tr a in e d  la y e r s  e x p e r ie n c e  a la r g e  fr a c t io n a l  ch an ge  in  th e  
bandgap (AE^« 60meV fo r  1% m ism atch). We u s e  k .p  th e o r y  to  e s tim a te  
th e  c o n se q u e n t c h a n g es  in  th e  c o n d u c tio n  band  and l ig h t - h o le
e f f e c t iv e  m asses  o f  th e  s tr a in e d  Ga In , As la y e r s .X 1 -x
The c o n d u c tio n  and v a le n c e  band o f f s e t s  AE and AE b etw een  th ec V
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s tr a in e d  G a^In,_^A s and th e  q u a te r n a r y  b a rr ier  Q are c a lc u la te d  in  
tw o s te p s . We assu m e t r a n s i t iv i t y  o f  th e  v a le n c e  band o f f s e t s ,  and  
can  th e n  d eterm in e  th e  o f f s e t s  fo r  th e  w h o le  ran ge  o f  a llo y  
c o m p o sit io n s . The v a le n c e  b an d  o f f s e t  b etw een  s tr a in e d  Ga_ln^_^As 
and u n str a in e d  InP i s  g iv e n  in  e le c tr o n  v o l t s  a s [91]
E„(Ga In . A s)-E  (lnP)= 0.473-0.282x  V  X 1 -x  V (4.4)
We ta k e  th e  band  d is c o n t in u i t ie s  AE :AE fo r  a la tt ic e -m a tc h e dc V
q u a tern a ry  Q on InP to  b e  in  t h e  r a t io  39:61 [92], and f in d  fo r  th e  
q u a tern a ry  c o n s id e r e d  th a t
E^(G a^ln^_^A s)-E^(Q )=[E^(G a^In^_^A s)-E^(lnP)]-[E^(Q )-E^(lnP)]
=0.345-0.282x  
The c o n d u c tio n  band o f f s e t  i s  o b ta in e d  as  
AE^= Eg(Q )~E^Strained Ga^ln^_^As)-AE^
(4.5)
(4.6)
F ig u re  4.2 sh o w s th e  c a lc u la te d  ch an ge  o f  o p t ic a l  gap w ith  w e ll
c o m p o sit io n  fo r  th r e e  w e ll  w id th s . For a la s e r  o p e r a tin g  a t  1.55/im
we ta k e  th e  w e ll c o m p o sit io n  a s  Ga ^In gAs fo r  L^=20Â, Ga ^^In ^gAs
fo r  L =35Â and Ga ^^In ,„A s f o r  L =100Â. The m a ter ia l p aram eters  z .33 .o7 z
fo r  th e s e  w e lls  a re  g iv e n  in  ta b le  4.2.
TABLE 4.2: P aram eters u s e d  in  band s tr u c tu r e  c a lc u la t io n .
«■l ^ 2 ^3 E^(m eV) S(meV) A(meV) ^ c
Q 6.49 2 . 19 2.55 0 0 193 0 .068
Ga ^In gAs 12.74 5 . 14 5.83 316 . 7 95 . 5 376 0 .0327
^ ^ .2 2 ^^. 78^® 11.92 4 . 7 4 5.41 281 . 6 63 .  4 371 0 .0372
‘^ ^.33^". 6 7-^® 11.28 4 . 4 4 5.10 250 . 8 35 . 1 366 . 7 0 .0408
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The v a le n c e  subb and  s tr u c tu r e  w as c a lc u la te d  by W .Batty u sin g  a 
H erm itian  form  o f  th e  L u ttin g er -K o h n  H am ilton ian  as d e sc r ib e d  in  
c h a p te r  3. It i s  show n fo r  t h e s e  th r e e  w e lls  in  F ig  4 ,3(a)-(c). It 
can  be se e n  th a t  th e  s p l i t t in g  b e tw e e n  th e  tw o  h ig h e s t  v a le n c e  band  
s t a t e s  a t th e  zone c e n tr e  d e c r e a s e s  r a p id ly  w ith  in c r e a s in g  w e ll 
w id th , f a ll in g  from  164meV in  th e  20Â to  123meV and 21meV in  th e  
35Â and 100Â w e lls  r e s p e c t iv e ly .  The d e c r e a s in g  s p l i t t in g  i s  due  
b o th  to  th e  r e d u c tio n  in  c o n fin em en t en erg y  and th e  r e d u c tio n  in  
n e t  s tr a in  w ith  in c r e a s in g  w e ll  w id th .
4.3 RESULTS
We c a lc u la te  th e  ga in  sp ectru m  u s in g  e q u a tio n  (2.18). We assum e  
an in tr a -b a n d  r e la x a t io n  tim e %\^=10 ^^s [29 ], c o r re sp o n d in g  to  a 
l e v e l  b road en in g  o f  6.7meV. The k -d e p e n d e n c e  o f  th e  d ip o le  m atrix  
e le m en ts  are ta k en  d ir e c t ly  from  th e  band s tr u c tu r e  c a lc u la t io n s ,  
as e x p la in e d  in  c h a p ter  3. We assu m e T E -lik e  m odes, b e c a u se  th e  
g a in  fo r  TM -modes i s  much sm a ller .
LASER GAIN
The maximum ga in  as a fu n c t io n  o f  th e  v o lu m e c a r r ie r  d e n s ity , 
n, a t room tem p era tu re  i s  sh ow n  in  F ig u re  4.4 fo r  th e  th ree  
s tr u c tu r e s  co n s id er e d . T ran sp aren cy  i s  a c h ie v e d  a t low er  
c o n c e n tr a t io n s  n fo r  th ic k e r  w e lls . T h is i s  b e c a u se  tra n sp a re n c y  i s  
d eterm in ed  p r im arily  by th e  num ber o f  c a r r ie r s  p er  u n it  area  
w h ile  we p lo t  n^N^^/L^. in  F ig .4.4. in  f a c t  d e c r e a s e s  w ith
d e c r e a s in g  L^, b e c a u se  o f  th e  im provem en t in  band  s tr u c tu r e  w ith  
th in n e r  w e lls .
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L asin g  o c c u r s  w hen th e  maximum g a in  e q u a ls  th e  th r e s h o ld  g a in , 
^ th ’ G iven by
8 th  " «ac+ r^^ (l-r)«g^ +(rL )“E n ( l /R )  (4.7)
We assum e th a t  th e  c a v ity  le n g th  L=300 fim, and R=0.31
(co rr e sp o n d in g  to  an a c t iv e  re g io n  w ith  a r e fr a c t iv e  in d e x
-1u =3.55). The e x te r n a l  l o s s e s  are s e t  a t a =10cm . The in te r n a la ex
lo s s e s ,  m ain ly  due to  IVBA are  c o n s id e r a b ly  red u ced  fo r  th e  c a se  o f
°  -1  20 and 35A w e lls . We th u s  ta k e  a =10cm . The c o n fin em en t fa c to r  Tac
fo r  a SCH i s  g iv e n  in  th e  l im it  o f  a v e r y  th in  a c t iv e  reg io n  by  
[13]
F gcH ” w h ere d^ i s  th e  t o ta l  th ic k n e s s  o f  th e  c e n tr a l r e g io n .
We e s tim a te  y a s  y= -------------— , (4.8)
We can e s t im a te  th e  p h o to n  c o n fin em en t in  th e  quantum  w e lls  o f  a 
MQW u sin g  th e  fo llo w in g  s im p le  form ula , w h ich  g iv e s  r e a so n a b le  
r e s u lt s  [93]
r=
N L w z
^SCH ’
w h ere N , N. are  th e  t o t a l  num ber o f  w e lls  and b a r r ie r s  w D
r e s p e c t iv e ly ,  and i s  th e  b a rr ier  w id th . When we l e t
d. .=N L +N, L, , we f in a l ly  o b ta in  th e  co n fin em en t fa c to r  T is  g iv e n  to t  w z b b
by r=rN^L^.
The r e fr a c t iv e  in d e x  fo r  th e  q u a tern a ry  b a rr ier , /Li^ , and InP 
c la d d in g , i s  [94] jLi^=3.272 and ju^=3.17 r e s p e c t iv e ly .  T h erefo re  
y=2.09 10~'^Â~^,
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THRESHOLD CURRENT DENSITY
With r=yN L and th e  in te r n a l  and e x te r n a l l o s s e s  ta k e n  to  be  w z
eq u a l to  a=1 0 cm , we e x p r e s s  th e  th r e s h o ld  ga in  as
Sth a+ L T n ( l /R ) (4.10)
For a f ix e d  num ber o f  w e l ls  th e  th r e sh o ld  g a in  i s  in v e r s e ly
p r o p o r tio n a l to  th e  w e ll w id th  L . We th e r e fo r e  p lo t  L g as az z°m ax
fu n c tio n  o f  in  F ig u re  4.5 in  ord er  to  com pare th e  th r e s h o ld
a r e a l d e n s i t ie s  fo r  th e  th r e e  s tr u c tu r e s .
The th r e s h o ld  c u r r e n t d e n s ity , assu m in g  o n ly  r a d ia t iv e  
r eco m b in a tio n  i s
(4.11)
w h ere n^^ i s  th e  vo lu m e c a r r ie r  d e n s ity  a t th r e s h o ld  and B i s  th e
r a d ia t iv e  reco m b in a tio n  c o e f f ic ie n t ,  s e t  eq u a l to  10 ^^cm^s  ^ [29].
R ec a llin g  th e  r e la t io n  ^"^2D^^z' s e e  th a t  fo r  a g iv e n  num ber o f
2w e lls  is  p r o p o r tio n a l to  ^ 2 Dth^^z" m en tion ed  ab o v e ,
d e c r e a se s  w ith  d e c r e a s in g  w e ll  w id th . For a sm all num ber o f  w e lls , 
N^, th e  low  v a lu e  o f  o p t ic a l  co n fin e m e n t fa c to r , F, im p lie s  a h ig h  
v a lu e  o f  th e  th r e s h o ld  c a r r ie r  d e n s ity  and th e  g a in  s a tu r a t io n
e f f e c t s  show n in  F ig .4.4 are  th e n  im p ortan t. In t h is  l im it  (N^<4)
we f in d  th e  lo w e s t  r a d ia t iv e  c u r r en t fo r  L^=35A. F or la rg e r
v a lu e s , v a r ie s  sm o o th ly  w ith  and i f  we ig n o r e  n o n -r a d ia t iv e
reco m b in a tio n , we f in d  th e  lo w e s t  th r e s h o ld  fo r  L =100Â w hen N. .>4.z w
H ow ever, th e  s p l i t t in g  b e tw e e n  th e  tw o  h ig h e s t  h o le  su b b an d s in  
th is  s tr u c tu r e  i s  ju s t  21meV (F ig  4.3(c)). At th r e sh o ld  36% o f  th e
73
h o le s  are in  th e  seco n d  su b b an d . By c o n tr a s t , l e s s  th a n  5% o f  th e
h o le s  are in  th e  se co n d  su b b an d  fo r  L^=35Â, b e c a u se  o f  th e  la rg e r
sub b an d  s p l i t t in g  (123meV ). A u ger reco m b in a tio n  sh o u ld  th e r e fo r e
be s u b s ta n t ia l ly  lo w er  fo r  L^=35Â th a n  fo r  L^=100Â. The r a d ia t iv e
cu rren t d e n s ity  as a fu n c tio n  o f  w e ll  num ber i s  sh ow n  in  F igu re
4.6 fo r  th e  s tr u c tu r e  w ith  L^=35Â a t 280K, 300K and 320K. We f in d
th e  lo w e s t  th r e s h o ld  cu r r en t d e n s ity  fo r  tw o  w e lls . The r a d ia t iv e
-2c o n tr ib u t io n  to  th e  t o ta l  c u r r en t d e n s ity  i s  l e s s  th a n  220Acm . 
With n e g lig ib le  A uger reco m b in a tio n , th e  th r e s h o ld  c u r r e n t  d e n s ity  
i s  dow n by n e a r ly  an ord er  o f  m agn itu d e o v e r  c o n v e n t io n a l  lo n g  
w a v e le n g th  la s e r s  and i s  com p arab le  to  th e  b e s t  s h o r t  w a v e le n g th  
la s e r s . In a d d it io n , th e  c a lc u la te d  T^ v a lu e s  from  F ig u r e  4.7 are  
o v e r  lOOK, im ply ing  much im p roved  tem p era tu re  s t a b i l i t y  o v e r  
c o n v e n t io n a l la s e r s  w h ere T^« 60K [28].
C o m p a r iso n  w it h  e x p e r im e n t
T h ijs e t  a l. [95] h a v e  grow n h ig h  q u a lity  s tr a in e d - la y e r  
In „Ga gAs/InP and In «Ga «As/InGaAsP m u ltip le  quantum  w e ll  
s tr u c tu r e s  w ith  quantum  w e lls  o f  ord er  30Â w id e w e l ls  u n d er  1 .8 % 
c o m p re ss iv e  s tr a in , b a sed  on th e  s tr u c tu r e  p r o p o se d  in  th is  
ch a p ter . The grow th  m ethod u se d  w as low  p r e s su r e  m e ta l-o r g a n ic  
v a p o u r  p h a s e p ita x y  (MOVPE). E x c e lle n t  p r o p e r t ie s  su c h  a s  h igh  
c o n tin u o u s  w ave (CW) o u tp u t  p o w ers , a h ig h  d i f f e r e n t ia l  e x te r n a l  
e f f ic ie n c y  (82%) and a T^ v a lu e  a s  h ig h  as 97K w ere d em o n stra ted . 
L aser  o p e r a tio n  a t 1.55pm w as o b ta in e d  up to  40° C w ith  tw o 3QÂ w ide  
w e lls  o f  In gGa ^As. T h is com p ares v e r y  fa v o u r a b ly  w ith  our  
th e o r e t ic a l  p r e d ic t io n s  o f  35Â w id e w e lls  o f  In ygGa ^^As. The
74
400OJE
ü
<
CO 300 c
CD■O 320K
c
CD 300K
8 200
posz
280K
coCD
1 0 0
1 62 3 54
Number of wells
Figure 4.6 Threshold current density  for 
varying number of 35A  wells, assuming 
negligible Auger recombination.
130
oI—
70
50
62 3 54
Number o f wells
Figure 4.7 Calculated values of Tq for 
varying number of 35A wells.
75
d e v ic e s  grow n in  r e f . [95] sh o w ed  no d eg ra d a tio n  a f te r  4000 h o u rs
o f  l i f e t e s t  a t 60° C and CW o u tp u t  pow er. T hese r e s u lt s  are m ost
en co u ra g in g  fo r  th e  s t a b i l i t y  o f  s tr a in e d - la y e r  s tr u c tu r e s  in
fu tu r e  d e v ic e  a p p lic a t io n s . K oren e t  a l. [96] h ave  a lso  r e p o r te d
th e  s u c c e s s fu l  o p e r a tio n  o f  InG aAs/InGaA sP s tr a in e d - la y e r  la s e r s  a t
l.Sfxm. The th r e s h o ld  c u r r en t d e n s ity  fo r  a s tr u c tu r e  w ith  fo u r  25Â
2w ide In ^^Ga ^^As w e lls  w as a s  lo w  as 440A/cm . We s e e  th a t  th e s e  
v a lu e s  ae a lso  in  good  a g reem en t w ith  our p r e d ic t io n s , con firm in g  
th e  ad v a n ta g e  o f  s tr a in  fo r  im p ro v in g  th e  la s e r  c h a r a c te r is t ic s .
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CHAPTER FIVE 
IMPROVED DYNAMICS AND LINEWIDTH ENHANCEMENT 
FACTOR IN STRAINED LAYER LASERS
5.1 INTRODUCTION
The a p p lic a t io n  o f  se m ic o n d u c to r  la s e r s  a s  l ig h t  s o u r c e s  fo r  
o p t ic a l  com m unication  sy s te m s  r e q u ir e s  b o th  broad  band m o d u la tio n  
and low  n o is e  c h a r a c te r is t ic s .  The form er i s  u s u a lly  lim ite d  by th e  
r e la x a t io n  o s c i l la t io n  [97 ], an  I n tr in s ic  e f f e c t  w h ereb y  th e  la s e r  
s h i f t s  i t s  s to r e d  en e r g y  b e tw e e n  p h o to n  and c a r r ie r  d e n s i t ie s ,  a t  a 
fre q u en cy  (f^) in  th e  GHz r e g io n . The la t t e r  i s  r e la te d  in  p a r t to  
th e  fre q u en cy  m o d u la tio n  th a t  in e v ita b ly  accom p an ies am p litu d e  
m od u la tion  o f  th e  s ig n a l  u n d er  d ir e c t  c u rren t m o d u la tion . It  
in c r e a s e s  w ith  in c r e a s in g  l in e w id th  enhancem en t fa c to r  (a) and h a s  
i t s  o r ig in  in  th e  f a c t  th a t  th e  in d e x  o f  r e fr a c t io n  v a r ie s  w ith  
o p t ic a l g a in  due to  v a r ia t io n s  in  th e  ca r r ie r  d e n s ity  [98]. a a ls o  
d eterm in es th e  d eg r e e  to  w h ich  s p e c tr a l  p u r ity  i s  d egrad ed  [99].
C o n sid era b le  a t te n t io n  h a s  b een  pa id  to  en h a n c in g  f^ [100,101] 
and r ed u c in g  a [102]. T here are  th r e e  main fa c to r s  th a t  d eterm in e  
f^. F ir s t ly , ch a n g in g  th e  d e v ic e  p aram eters by lo w e r in g  th e  
tem p era tu re  [103], s h o r te n in g  th e  c a v ity  le n g th  [104] a n d /o r  
in c r e a s in g  th e  maximum o p t ic a l  p ow er in s id e  th e  c a v ity  u s in g  w indow  
s tr u c tu r e s  [105-107] can  en h a n ce  f^. S eco n d ly , b o th  c a r r ie r
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d if fu s io n  [108] and th e  d e n s ity  o f  sp o n ta n e o u s ly  e m itte d  p h o to n s  
e n te r in g  th e  la s in g  mode [109] a f f e c t  f^. T h ese  p a ra m eters  vary  
w ith  la s e r  geom etry  and e x p la in  th e  d is c r e p a n c ie s  in  m od u la tion  
p erform an ce  o f  v a r io u s  la s e r s .  T h ird ly , th e  e le c tr o n ic  s tr u c tu r e  o f  
th e  se m ico n d u cto r  m a ter ia l a f f e c t s  f^ v ia  th e  d i f f e r e n t ia l  ga in . 
For in s ta n c e , i t  w as s u g g e s te d  th e o r e t ic a l ly  [110] and con firm ed  
e x p e r im e n ta lly  [ i l l ]  th a t  2D sy s te m s  sh o u ld  h a v e  im p roved  f^ and a 
by com p arison  w ith  c o n v e n t io n a l b u lk  la s e r s . In t h is  ch a p ter , we 
exam in e th e  in f lu e n c e  o f  s tr a in e d  quantum  w e lls  on th e s e  
p aram eters, p la c in g  p a r t ic u la r  em p h a sis  on th e  c o n se q u e n c e s  o f  
s tr a in - in d u c e d  ch a n g es  in  th e  e le c tr o n ic  s tr u c tu r e . U sin g  m odel 
band s tr u c tu r e s  fo r  s tr a in e d  and u n s tr a in e d  quantum  w e ll  la s e r s ,  we 
d em o n stra te  th a t  f^ i s  fu r th e r  en h a n ced  in  th e  p r e s e n c e  o f  s tr a in  
w h ile  a i s  red u ced  by com p arison  to  a la t t ic e  m atch ed  s tr u c tu r e .
T h is ch a p te r  i s  o r g a n ise d  a s  fo llo w s . In s e c t io n  2, we ap p ly  
th e  sm a ll s ig n a l a n a ly s is  to  th e  s in g le -m o d e  r a te  e q u a tio n  fo r  
p h o to n  and c a r r ie r  d e n s i t ie s  to  f in d  f^. The d im e n s io n le s s  q u a n tity  
a, d e term in in g  th e  r a t io  o f  FM to  AM m od u la tio n , i s  a lso  g iv en  
u s in g  th e  r e a l and im agin ary  s u s c e p t ib i l i t i e s  d e r iv e d  in  ch a p te r  2 . 
We u s e  th e  optim um  s tr u c tu r e  th a t  we s u g g e s te d  in  c h a p te r  4 to  
m odel s tr a in e d  la y e r  la s e r s ,  and com pare i t  w ith  a ty p ic a l  
u n s tr a in e d  s tr u c tu r e . We sh o w  th a t  th e  r e d u c tio n  in  th e  v a le n c e  
d e n s ity  o f  s ta t e s  h a s  im p ortan t c o n se q u e n c e s  in  r e d u c in g  sa tu r a t io n  
e f f e c t s  in  b o th  th e  c o n d u c tio n  and v a le n c e  b a n d s, le a d in g  to  
im p roved  v a lu e s  o f  f^ and a. F in a lly , ou r c o n c lu s io n s  are
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sum m arised  in  s e c t io n  3.
5.2 RELAXATION OSCILLATION FREQUENCY AND 
LINEWIDTH ENHANCEMENT FACTOR
The p rop er  d e s c r ip t io n  o f  th e  p h o to n  r a te  e q u a tio n  in v o lv e s  
forw ard  and backw ard  p r o p a g a tin g  p h o to n  d e n s i t ie s ,  su b je c t  to  
bou n d ary  c o n d it io n s  a t th e  en d  f a c e t s ,  c o u p le d  to  th e  r a te  eq u a tio n  
o f  th e  s p a t ia l ly  d e p e n d e n t c a r r ie r  d e n s ity . C o n sid era b le  
s im p lif ic a t io n  can  be o b ta in e d  i f  th e  la s e r  i s  a b o v e  th r e s h o ld  and  
th e  en d -m irror r e f l e c t iv i t y  i s  h ig h e r  th a n  0 .2  (a c o n d it io n  u s u a lly  
s a t i s f i e d  in  sem ic o n d u c to r  la s e r s )  by in te g r a t in g  th e  s p a t ia l  
v a r ia b le  o v e r  th e  c a v ity  le n g th  [112]. In t h is  c a se , th e  
en d -m irro rs can be r e p la c e d  by a u n iform  lo s s .  D en o tin g  th e  s p a t ia l  
a v e ra g e  o f  th e  sum o f  fo rw a rd  and backw ard  p h o to n  d e n s i t ie s  by P, 
th e  s in g le -m o d e  r a te  e q u a t io n s  are  [28]
f f K r v  g - ^  (5.1)
^  p  S
dn n
d t  T Fv eP (5.2)
w h ere c a r r ie r  d if fu s io n  i s  n e g le c te d  in  eq . (5.2). i s  th e  p h oton  
l i f e t im e  and (3 d e term in es  th e  am ount o f  s p o n ta n e o u s ly  em itted  
p h o to n s  e n te r in g  th e  la s in g  m ode. The t o t a l  and sp o n ta n e o u s  ca r r ie r  
l ife t im e , x^ and x^ r e s p e c t iv e ly ,  d ep en d  on th e  c a r r ie r  d e n s ity  n. 
Vg i s  th e  group  v e lo c i ty  w h ile  F r e p r e s e n ts  th e  c o n fin em en t fa c to r .  
The o p t ic a l  ga in  g d ep en d s on  th e  c a r r ie r  d e n s ity  n and p h oton  
d e n s ity  P, th e  la t t e r  d ue to  o p t ic a l  n o n l in e a r it ie s . It can be se en
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from  eqs.(5 .1) and (5.2) th a t  th e  s t im u la te d  e m iss io n  term  c o u p le s  
p h oton  and c a r r ie r  d e n s i t ie s .  In th e  m u lti-m od e c a se , t h e s e  r a te  
e q u a tio n s  m ust be fu r th e r  m o d ified  [113]. E xpanding g in to  a T aylor  
s e r ie s  :
d g  d g
g(n,P)=g^+—  an  + ^  8 P (5.3)
and a ssu m in g  a sm a ll d e v ia t io n  o f  n and P from  th e ir  s te a d y  s ta t e
v a lu e s  n and P , w h ereb y  o o
n=n +ôn e x p [-(r „ -i2 I I f  )t]  o R r
P=P +ôp e x p [ - (r ^ - i2 H fJ t ]  , (5.4)o ^ R r
g iv e s  an in tr in s ic  r e so n a n c e  fr e q u e n c y
1 / ^ n
V a n  /  t o  •
In th e  d e r iv a t io n  o f  (5.5), o p t ic a l  n o n lin e a r ity  i s  n e g le c te d  and  
o n ly  th e  m ost im p ortan t term s are  r e ta in e d  in s id e  th e  sq u a r e  r o o t  
[2 8 ].The d im e n s io n le s s  l in e w id th  enh an cem en t fa c to r  i s  d e f in e d  by  
[110] :
d%_/dn
a= “ (5.6)d%^/dn
d%As show n in  c h a p te r  2, 3 —  i s  r e la te d  to  th e  r a te  o f  ch an ge  o f
d%.
r e fr a c t iv e  in d e x  w ith  n w h er e a s  i s  co n n ec ted  to  th e  ch a n g e  o f  
ga in  w ith  c a r r ie r  d e n s ity . U sin g  eq s. (2.13) and (2.16) y ie ld s  :
dn
dn
dg h / r .
 -   2  (5-7)( E - E ^ ) ^ + ( h /T .y
d E ^ J sn v  ----------------   (5.8)
" (E -E ^ )2 + (h /T .^ )^
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w h ere g i s  th e  e n v e lo p e  g a in  o b ta in ed  u n d er s t r ic t  k - s e le c t io n  
r u le  and th e  la s in g  en ergy . N ote th a t  and are o n ly
d e fin e d  to  w ith in  c o n s ta n ts  in  (5.7) and (5.8), w h ich  c a n c e l in  
c a lc u la t in g  a in  (5.6).
In c h a p te r  4, we h a v e  perform ed  band s tr u c tu r e  and la s e r  g a in
c a lc u la t io n s  w h ich  p r e d ic t  th a t  In P -b ased  s tr u c tu r e s , w ith  s tr a in e d
35A In^_^Ga^As w e lls , o p e r a tin g  a t 1.55gm sh o u ld  h a v e  th r e s h o ld
_2cu r r en t d e n s i t ie s  o f  ord er  220 Acm and T^=100K. H ere, w e c o n s id e r  
an id e a lis e d  s tr a in e d  s tr u c tu r e  b a sed  on th is  p r e v io u s  w ork. We 
assu m e p a r a b o lic  ban d s and a h o le  e f f e c t iv e  m ass e q u a l to  th e  
p r e v io u s ly  c a lc u la te d  band ed ge  m ass, m^=0.10. We com pare t h is  
s tr a in e d  c a s e  w ith  an e q u iv a le n t  u n str a in e d  s tr u c tu r e , fo r  w h ich  we 
ta k e  a ty p ic a l  b u lk  m ass, m^=0.50. The w e ll w id th  i s  35A fo r  b o th  
s tr u c tu r e s  and we u se  m^=0.0372, a v a lu e  c lo s e  to  th a t  in  1.55/im 
la s e r s . We c h o o se  th e  th r e s h o ld  g a in  in  th e  w e ll  to  be  
a p p r o x im a te ly  3000cm a t  300K in  th e  tw o s tr u c tu r e s , c o r re sp o n d in g  
to  th e  v a lu e  th a t  we o b ta in e d  in  ch a p te r  4.
F igu re  (5.1) sh o w s th e  v a r ia t io n  o f  q u a si-F erm i l e v e l s  w ith  
ca r r ie r  d e n s ity  in  th e  s tr a in e d  and u n str a in e d  s tr u c tu r e s .  The 
d if fe r e n c e  in  v a le n c e  q u a si-F erm i l e v e l s  b e tw een  th e  tw o  c a s e s  i s  
due to  th e  red u ced  d e n s ity  o f  s t a t e s  in  th e  s tr a in e d  c a se . T h is i s  
r e f le c te d  in  f ig . (5.2) w h ere we p r e se n t  th e  v a r ia t io n  o f  p eak  g a in  
w ith  c a r r ie r  d e n s ity . The r e d u ced  e f f e c t iv e  m ass m akes th e  s tr a in e d  
la s e r  tr a n sp a r e n t  a t a lo w e r  c a r r ie r  d e n s ity  (n^) w ith  n^
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d e c r ea s in g  from  2.6x10^^ to  1.5x10^" cm Two im p orta n t e f f e c t s
can be se en . F ir s t ly , a t  a g iv e n  c a r r ie r  d e n s ity , th e  d i f f e r e n t ia l
g a in  i s  h ig h e r  in  th e  s tr a in e d  s tr u c tu r e  d ue to  th e  e a se  o f
p e n e tr a t io n  o f  th e  v a le n c e  q u a s i-F er m i le v e l  in to  th e  v a le n c e  band.
S eco n d ly , th e  d i f f e r e n t ia l  g a in  d e c r e a s e s  w ith  in c r e a s in g  c a r r ie r
d e n s ity  and, s in c e  a t  th r e s h o ld  th e  c a r r ie r  d e n s ity  i s  sm a ller  in
s tr a in e d  la y e r  la s e r s  (g o in g  from  5.9x10^^ to  2 .6 x l 0 ^^cm ^), th e ir
d if f e r e n t ia l  ga in  i s  fu r th e r  en h a n ced  by com p arison  to  an
u n str a in e d  la se r . The c a lc u la te d  c a r r ie r  d is tr ib u t io n s  and
q u a si-F erm i le v e l  p o s i t io n s  a t  th r e s h o ld  are  i l lu s t r a t e d  in  f ig u r e
(5.3) w h ere  we can  s e e  th a t  g a in  s a tu r a t io n  e f f e c t s  are l e s s
im p ortan t in  th e  c o n d u c tio n  ban d  o f  th e  s tr a in e d - la y e r  s tr u c tu r e .
T h is, com bined w ith  th e  r e d u c e d  d e n s ity  o f  v a le n c e  s t a t e s ,  le a d s  to
th e  d i f f e r e n t ia l  g a in  e n v e lo p e  a t  th r e s h o ld  b e in g  en h an ced  by a
fa c to r  o f  ord er  fo u r  in  ou r  c a lc u la t io n s  (se e  f ig u r e  5.4). We
d g e n vo b ta in  a s im ila r  en h an cem en t o f  a s  i t  i s  j u s t  ------  m u ltip lie d
by a L oren tz ian  b ro a d en in g  fu n c t io n . The r e la x a t io n  o s c i l la t io n  
fre q u en cy  i s  th e r e fo r e  d o u b led  in  th e  p r e se n t  c a lc u la t io n , lea d in g  
to  an im proved  dynam ic r e sp o n s e .
The r a te  o f  ch a n g e  o f  th e  r e a l  p a r t o f  th e  s u s c e p t ib i l i ty  w ith  
dZ d%;
c a r r ie r  d e n s ity , ■, d o e s  n o t  v a r y  a s  s tr o n g ly  a s  w ith  s tr a in
(se e  f ig . 5.5) b e c a u se  th e  fu n c t io n
E-E ,
(5.9)
is  a n ti-sy m m etr ic  a b o u t t h e  l a s in g  en ergy . We f in d  th a t  th e
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l in e w id th  enh an cem en t fa c to r  a, g iv e n  by th e  r a t io  o f  th e  tw o , is  
red u ced  by a fa c to r  o f  2/3 in  th e  s tr a in e d  s tr u c tu r e  ( se e  f ig .5 .5 ). 
T h is im p lie s  im proved  n o is e  c h a r a c te r is t ic s  and lo w e r  l in e w id th  in  
th e  s tr a in e d  la s e r  as a d e term in es  p a r a s it ic  FM to  AM m od u la tion  
and th e  d eg ree  to  w h ich  s p e c tr a l  p u r ity  i s  d egrad ed .
R e c e n tly , O ffsey  e t  a l [114] h a v e  grow n sh o r t-w a v e le n g th  
s tr a in e d  InGaAs/GaAs la s e r s , w h ich  had g r e a te r  b a n d w id th s  (6GHz) 
th a n  s im ila r  u n str a in e d  la s e r s ,  co n firm in g  th e  im p roved  e le c tr o n ic  
s tr u c tu r e  in  th e  p r e sen ce  o f  s tr a in .
5.3 CONCLUSIONS
In t h is  ch a p ter , we w ere  co n cern ed  w ith  in v e s t ig a t in g  th e  
tre n d s  e x p e c te d  in  th e  m o d u la tio n  r e sp o n se  o f  s tr a in e d - la y e r  
s tr u c tu r e s . We h a v e  tr e a te d  a h ig h ly  id e a lis e d  band s tr u c tu r e , w ith  
th e  v a le n c e  band h a v in g  a low  h o le  m ass (m^=0.1) to  in f in i t e  
e n e r g ie s . In p r a c tic e , th e  v a le n c e  band  d e n s ity  o f  s t a t e s  h a s a 
l ig h t - h o le  cap in  s u ita b le  s tr a in e d  la y e r  s tr u c tu r e s  and becom es  
h e a v y - h o le - l ik e  o v e r  a f in i t e  e n e r g y  ran ge . The l ig h t - h o le  cap  
sh o u ld  s t i l l  b r in g  th e  b e n e f it s  i l lu s t r a t e d  in  f ig u r e  5.3, so  th a t  
s tr a in e d - la y e r  la s e r s  sh o u ld  h a v e  im p roved  dynam ic r e sp o n se  and  
n o is e  c h a r a c te r is t ic s  com pared to  e q u iv a le n t  la t t ic e -m a tc h e d  
quantum  w e ll la s e r s . When t h e s e  a d v a n ta g e s  are com b ined  w ith  th e  
red u ced  th r e s h o ld  cu rren t d e n s ity , im p roved  tem p era tu re  s ta b i l i t y  
and in c r e a se d  quantum  e f f ic ie n c y  p r e d ic te d  in  p r e v io u s  c h a p te r s , i t  
is  c le a r  th a t  s tr a in e d - la y e r  la s e r s  sh o u ld  h a v e  s ig n if ic a n t
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a d v a n ta g es  fo r  lo n g  d is ta n c e  o p t ic a l  co in n iu n ication s.
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CHAPTER SIX 
(lll)-G R O W N  QUANTUM WELLS
6.1 INTRODUCTION
Low d im en sio n a l s tr u c tu r e s ,  su c h  as quantum  w e lls  and  
s u p e r la t t ic e s ,  h a v e  s ig n if ic a n t  p o te n t ia l  fo r  n o v e l d e v ic e  
a p p lic a t io n s . M ost w ork  to  d a te  h a s c o n c e n tr a te d  on (OO l)-growth, 
as th is  i s  th e  grow th  d ir e c t io n  a lo n g  w h ich  th e  b e s t  q u a lity  
m a ter ia l can u s u a lly  be a c h ie v e d . T here h as o c c a s io n a lly  b een  
in te r e s t  in  grow th  a lo n g  o th e r  d ir e c t io n s , in  p a r t ic u la r  (111). The 
b e s t  GaAs-AlGaAs (111) la y e r s , p a r t ic u la r ly  th o s e  grow n by MBE, are  
now o f  d e v ic e  q u a lity , com p arab le  w ith  (001) s tr u c tu r e s  [115-119]. 
H ayakaw a and c o -w o r k e r s  h a v e  b een  p a r t ic u la r ly  s u c c e s s f u l  in  
fa b r ic a t in g  (1 1 1 ) quantum  w e ll  la s e r s  [ 1 2 0 - 1 2 2 ] w h ich  fo r  w e ll  
w id th s  L^<100A h a v e  c o n s is t e n t ly  lo w e r  th r e sh o ld  c u r r en t d e n s i t ie s  
th an  th e  e q u iv a le n t  (001) la s e r s .  They h a v e  p erform ed  a w id e  
range o f  ex p e r im en ts , from  w h ich  th e y  co n c lu d e  th a t  th e  im proved  
i s  due p r im a rily  to  m ore e f f i c i e n t  c a rr ier  c a p tu r e  by ( 1 1 1 ) 
quantum  w e lls  [123], w h ile  o th e r  fa c to r s  w h ich  th e y  s u g g e s t  c o u ld  
p la y  a r o le  in c lu d e  a p o s s ib le  r e d u c tio n  in  c a r r ie r  l o s s e s  to  th e  L 
minima in  th e  c o n d u c tio n  b and  [124], and an en h a n ced  o p t ic a l  
tr a n s it io n  r a te  [124] and in c r e a s e d  h e a v y -h o le  d e n s ity  o f  s t a t e s  in  
th e  (111) quantum  w e ll s tr u c tu r e s  [125]. In th is  w ork we are m ain ly  
co n cern ed  w ith  th e  e f f e c t s  o f  v a le n c e  band a n iso tr o p y  on th e  
sub b an d  s tr u c tu r e  o f  (1 1 1 ) quantum  w e lls , com pared to  (0 0 1 ) w e lls
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and on th e  c o n se q u e n c e s  o f  th e  band a n is o tr o p y  fo r  la se r  
a p p lic a t io n . We u s e  th e  su b b an d  s tr u c tu r e  o f  (111) and (001) w e lls  
c a lc u la te d  in  th e  e n v e lo p e  fu n c t io n  ap p ro x im a tio n . O p tic a l m atrix  
e le m en ts  are o b ta in ed  fo r  b o th  TE and TM m odes in  th e  tw o  grow th  
d ir e c t io n s , and la s e r  ga in  c a lc u la t io n s  are perform ed . We f in d  no 
e v id e n c e  to  su p p o r t an in c r e a se d  d e n s ity  o f  s t a t e s  or  o p t ic a l  
m atrix  e lem en t a s s o c ia te d  w ith  (111) grow th . In s te a d , th e  h ig h e s t  
v a le n c e  su b b an d  h a s  a low  in -p la n e  e f f e c t iv e  m a ss ( lig h t  h o le  cap) 
in  b o th  (0 0 1 ) and (1 1 1 ) s tr u c tu r e s  and th e  l ig h t  h o le  cap e x te n d s  
o v e r  a g r e a te r  en erg y  ran ge in  (111) w e lls  fo r  100Â. T h is
r e d u c e s  th e  c a r r ie r  d e n s ity  r e q u ir e d  fo r  p o p u la t io n  in v e r s io n  in  
th in  (111) quantum  w e lls . The c h a n g e s  in  v a le n c e  su b b an d  s tr u c tu r e s  
due to  band a n iso tr o p y  can f u l ly  a c co u n t fo r  th e  m easured  
d if fe r e n c e s  in  [121] b e tw een  (001) and (111) g ro w th . As a
g e n e r a l c o n c lu s io n , we f in d  th a t  (1 1 1 ) grow th  can  lea d  to  
im p rovem en ts in  low  lo s s  quantum  w e ll la s e r s ,  su c h  a s  th o s e  
c o n s id e r e d  h ere , b u t fo r  lo s s y  la s e r s ,  (0 0 1 ) grow th  w il l  u s u a lly  be  
b e t te r  th a n  ( 1 1 1 ) grow th , u n le s s  th e  lo s s  m echan ism s are  th e m se lv e s  
d e p e n d e n t on grow th  d ir e c t io n , w hen (1 1 1 ) may be p r e fe r r e d .
In th e  p r e se n c e  o f  b u i l t - in  s tr a in  due to  l a t t ic e  m ism atch  
b etw een  th e  c o n s t i tu e n t  b u lk  m a te r ia ls , i t  w as s u g g e s te d  
th e o r e t ic a l ly  [73,126], and con firm ed  e x p e r im e n ta lly  [127] th a t  
(1 1 1 ) s tr a in e d  la y e r  s u p e r la t t ic e s  w ou ld  h a v e  a b u i l t - in  
p ie z o e le c tr ic  f ie ld ,  w h ich  fu r th e r  a f f e c t s  th e  band s tr u c tu r e  by  
r ed u c in g  th e  handgap. In th e  p r e se n c e  o f  fr e e  c a r r ie r s , th e  f ie ld
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i s  s c r e e n e d  and d e c r e a s e s  w ith  in c r e a s in g  c a r r ie r  d e n s ity . A bove a 
c r it ic a l  d e n s ity  (around 1 0 ^  ^ cm ^), th e  s c r e e n e d  f ie ld  i s  
e f f e c t iv e ly  zero . T h is c a r r ie r -d e p e n d e n t  f ie ld  e f f e c t  h a s  p o te n t ia l  
a p p lic a t io n  fo r  n o n lin e a r  d e v ic e s  w h ere  th e  fr e e  c a r r ie r s  are  
g e n e r a te d  by p h o to -a b s o r p tio n  b u t i s  u n lik e ly  to  b r in g  any b e n e f it  
to  la s e r s ,  w h ere  th e  th r e s h o ld  c a r r ie r  d e n s ity  i s  p ro b a b ly  la r g e r  
th a n  th e  c r it ic a l  d e n s ity . F u rth er , ev en  in  th e  c a s e  w h ere  la s e r  
o p e r a tio n  r e q u ir e s  th e  m o d u la tio n  o f  th e  c a r r ie r  d e n s ity  in  th e  
f ie ld -d e p e n d e n t  reg im e, th e  sc r e e n e d  f ie ld  w ou ld  c a u se  a s h i f t  o f  
th e  la s in g  w a v e le n g th  w ith  m o d u la tio n  cu rren t, w h ich  i s  g e n e r a lly  
an u n d e s ir a b le  e f f e c t  in  o p t ic a l  com m unication  sy s te m s.
We b e g in  by d e sc r ib in g  th e  c a lc u la t io n  m ethod  fo r  (111) 
s tr u c tu r e s  in  s e c t io n  2  and com pare th e  r e s u l t s  w ith  (0 0 1 ) 
s tr u c tu r e s . We c o n s id e r  GaAs quantum  w e lls  o f  v a r y in g  th ic k n e s s  
c o n fin e d  b e tw een  Ga .^Al ^As b a r r ie r s , and a lso  a 70Â GaAs w e ll  
b etw een  Ga _A1 „As b a r r ie r s  to  m odel th e  (111) la s e r  o f  ref(120)..o .Ù
O p tica l m atrix  e lem en ts  are c a lc u la te d  fo r  TE and TM m odes in  b o th  
(001) and (111) quantum  w e lls  in  s e c t io n  3. We p r e s e n t  la s e r  g a in  
c a lc u la t io n s  in  s e c t io n  4 , and th e  th r e s h o ld  cu r r en t d e n s i t ie s  are  
c a lc u la te d  assu m in g  th a t  th e  lo s s  m echanism s are in d e p e n d e n t o f  
grow th  d ir e c t io n . F in a lly  ou r c o n c lu s io n s  are sum m arised  in  s e c t io n  
6 .
6.2 BAND STRUCTURE
We d e s c r ib e  th e  v a le n c e  band  s tr u c tu r e  u s in g  th e  L u ttin g er -K o h n
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H am ilton ian  in  th e  s p in - -  b a s is  [61]:
h
k 2 m -r ik 2 l 2 - 2r 2 [ ( j M j ^ ) k ^ + c .p ] - 4 y 3 [{J  J }k x k  -c .p ] . (6.1)
We h a v e  n e g le c te d  term s l in e a r  in  k  in  eq .(6.1), p r e s e n t  due to  th e  
la c k  o f  in v e r s io n  sym m etry in  III-V  se m ic o n d u c to rs , a s  th e s e  term s  
are n e g lig ib le  [58,85]. We h a v e  a lre a d y  p r e s e n te d  t h is  H am ilton ian  
fo r  h e a v y -  and l ig h t - h o le  s t a t e s  q u a n tise d  a lo n g  th e  (0 0 1 ) 
c r y s ta llo g r a p h ic  d ir e c t io n  in  c h a p te r  3. H ere we r o ta te  th e  a x e s  o f  
q u a n tisa t io n  to  th e  ( 1 1 1 ) d ir e c t io n , w ith  th e  '1 * and '2 ' 
d ir e c t io n s  a lon g  (1 1 0 ) and ( 1 1 2 ) r e s p e c t iv e ly ,  s o  th a t
(6.2)
k ^ = - v ' 2 / 3 k ^ H - 7 i k 3
S im ilar  r e la t io n s  e x is t  b e tw e e n  J , J , J and J , ,  J„, J^. TheX  y z J. ^  J
H am ilton ian  ta k e s  th e  form
k
A , B C 0
*B A_ 0 G
*C 0 A_ -B
0
*G *-B A
(6.3)
w ith  A+ 2 m
B=-
- I ( 3 r 3 ^ 3 r 3 ) ( k ^ + k ^ ) - l ( 3 ' 3 ; 2 3 ' 3 ) k ^
h i '29-2-"  ^3
2 mo
- i J (k^-ik^)k^+i ^ 2  ^3v'ô (k^+ikg)' (6.4)
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c= 2  m
(y^+ 2 y^)
(k^+ikg)k^
The v a le n c e  band d is p e r s io n  i s  d eterm in ed  by th e  L u ttin g er
param eters and w h ic h  a re  r e la te d  to  in v e r s e  e f f e c t iv e
m asses  a t th e  B r illo u in  zon e  c e n tr e . The b u lk  h e a v y -  and l ig h t - h o le
m asses  a lon g  th e  (1 1 1 ) d ir e c t io n  are  g iv e n  by th e  d ia g o n a l e lem en ts
in  eq.(6.3) a s m^=(y^-2y^) and  m^=(^'^+2 r 3 ) r e s p e c t iv e ly . T h is
com pares w ith  th e  v a lu e s  a lo n g  th e  (0 0 1 ) d ir e c t io n  o f  
* -1m^  h~^^l-^^2  ^ * y v a lu e s  u s e d  a re  sh ow n  in  ta b le  (6 .1 ), a lon g
w ith  th e  c o rresp o n d in g  h e a v y -  and l ig h t - h o le  m a sses  a lo n g  (0 0 1 ) and  
(111). The GaAs y v a lu e s  w ere  ta k e n  from  ref(116), w h ile  th o s e  fo r  
GaAlAs w ere c a lc u la te d  by  l in e a r  in te r p o la t io n  o f  e f f e c t iv e  m asses  
b etw een  GaAs and AlA s [128]. We assu m e a 65:35 band o f f s e t  and th e  
bandgap o f  Al^Ga^_^As to  in c r e a s e  a s  Eg(x)-Eg(G aAs)=1.34x(eV) 
[129]. The v a le n c e  band o f f s e t  i s  th e n  94 meV a t x=.2 and 141 meV 
a t x=.3.
T a b l e  6.1 L u t t in g e r  p a r a m e t e r s  an d  e f f e c t i v e  m a s s e s  u s e d
( 0 0 1 ) ( 1 1 1 )
^ 1 ^ 2 ^ 3 ^ h h "^Ih "^hh "^Ih ^ c
Ga As 6 . 7 8 1 . 9 2 2 . 7 0 0 . 340 0 . 094 0 . 725 0 . 082 0 . 0 6 7
A1 2  Ga gAs 5 . 64 1 . 4 6 2 . 2 0 0 . 368 0 . 1 1 0 0 . 810 0 . 1 0 0 0 . 084
A 1 g Ga yAs 5 . 21 1 . 2 9 2 . 0 2 0 , 382 0 . 128 0 . 852 0 . 108 0 . 092
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The v a le n c e  su b b an d  d is p e r s io n  w as c a lc u la te d  by W .Batty fo r  
b o th  grow th  d ir e c t io n s  u s in g  th e  LK H am ilton ian  in  th e  a x ia l  
a p p ro x im a tio n , w h ereb y  th e  a n g u la r  d ep en d en ce  o f  th e  w ave  v e c to r  in  
th e  p la n e  o f  th e  in te r fa c e  i s  n e g le c te d . D e ta ils  o f  th e  a x ia l  
a p p ro x im a tio n  fo r  (001) gro w th  w ere g iv e n  in  c h a p te r  3. For (111) 
g row th , we r e ta in  th e  e x a c t  form  o f  th e  term s in  eq.(6.3) b u t
om it th e  term s in v o lv in g  th e  a n iso tr o p y  fa c to r  in  B and C.
The 4x4 H am ilton ian  H^^ can th e n  be d eco u p led  in to  tw o  in d e p e n d e n t  
2x2 m a tr ices  [85];
b - i c
(6.5)H=
A^  
b+ic A
w ith
and
b=-
c = 2
2^^ 3 ,
V3 '^p^3
V2+23-3 r 2
^ 6 (6 .6 )
w h ere i s  th e  m agn itu d e o f  th e  w ave v e to r  in  th e  w e ll p la n e . The 
a x ia l  a p p ro x im a tio n  h a s b een  sh ow n  to  g iv e  a good  d e s c r ip t io n  o f  
th e  v a le n c e  su b b an d  s tr u c tu r e  n ea r  th e  zone c e n tr e  fo r  (0 0 1 ) grow th  
[72] and i s  e x p e c te d  a lso  to  h o ld  in  th e  (111) c a se .
The band s tr u c tu r e s  are c a lc u la te d  u s in g  th e  e n v e lo p e  fu n c tio n  
ap p ro x im a tio n , a s  d e sc r ib e d  in  ch a p te r  3. We c o n s id e r  a 
s u p e r la t t ic e  w ith  th e  r e q u ir e d  w e ll w id th  and a b a r r ie r  o f  
s u f f ic ie n t  th ic k n e s s  th a t  n e ig h b o u r in g  w e lls  are  e f f e c t iv e ly  
in d e p e n d e n t o f  ea ch  o th e r . The v a le n c e  band ed ge  en erg y  v a r ie s  a s
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E^(Xg) a lon g  th e  grow th  d ir e c t io n . The H am ilton ian  in  eq.(6.4) i s  
d ia g o n a l a t th e  B r illo u in  zon e c e n tr e  (k^=0) so  we can  f ir s t  
c a lc u la te  th e  zone c e n tr e  h e a v y -  and l ig h t - h o le  s t a t e s  by s o lv in g  
th e  in d e p e n d e n t e q u a tio n s  :
The e n v e lo p e  fu n c tio n s  s a t i s f y  th e  s ta n d a r d  boun dary
c o n d it io n s  d e sc r ib e d  in  c h a p te r  3. The F^^^ form  a co m p le te  s e t  o f  
d is c r e te  s t a t e s  and can th e r e fo r e  be u sed  to  c o n s tr u c t  th e  QW 
s t a t e s  a t any v a lu e  o f  k^ aw ay from  th e  B r illo u in  zon e  c e n tr e . We 
f in d  fo r  th e  p r e se n t  c a se  th a t  w ith  a b a rr ier  o f  150Â, th e  v a le n c e  
su b b an d  s tr u c tu r e s  h a v e  s u f f i c ie n t ly  c o n v erg ed  w hen w e in c lu d e  th e  
f ir s t  2 0  h e a v y -h o le  zone c e n tr e  and f i r s t  2 0  l ig h t - h o le  zone c e n tr e  
s t a t e s ,  so  th a t  c a lc u la t io n  o f  th e  su b b an d  d ip e r s io n  from  eq.(6,4) 
r e q u ir e s  d ia g o n a lis a t io n  o f  a 40x40 m atrix  a t ea ch  v a lu e  o f  k^.
The zone c e n tr e  c o n fin em en t e n e r g ie s  w ere c a lc u la te d  fo r  w e lls  
o f  v a r y in g  w id th  b etw een  Ga yAl gAs b a r r ie r s , u s in g  th e  e f f e c t iv e  
m a sses  in  ta b le  (6 .1 ), and are  p lo t te d  fo r  (0 0 1 ) and (1 1 1 ) grow th  
in  F ig .6.1 (a) and (b) r e s p e c t iv e ly .  The l ig h t - h o le  co n fin em en t  
e n e r g ie s  are v e r y  s im ila r  fo r  th e  tw o  gro w th  d ir e c t io n s . By 
c o n tr a s t , th e  h e a v y -h o le  co n fin e m e n t e n e r g ie s  are  m uch red u ced  fo r  
( 1 1 1 ) grow th , r e f le c t in g  th e  tw o - fo ld  in c r e a s e  in  e f f e c t iv e  m ass. 
T h is h a s  th r e e  im p ortan t c o n se q u e n c e s , a l l  o f  w h ich  in f lu e n c e  
su b b an d  d is p e r s io n  and la s e r  a p p lic a t io n s  ;
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Figure 6.1 Calculated valence confined state energies 
as a function of weii w id tt i for (a) (001) and (b) (111) 
growth GaAs wells between G a AlAs barriers,
0.7 0.3
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a) The s p l i t t in g  b e tw een  th e  h ig h e s t  h e a v y -  and l ig h t - h o le  s ta t e s ,  
E(HH1)-E(LH1), i s  a lw a y s en h a n c e d  in  (111) grow th . T h is enh an cem en t  
in c r e a s e s  w ith  d e c r e a s in g  w e ll  w id th , w ith  th e  s p l i t t in g  in c r e a s in g  
from  30 meV to  43 meV in  a 50Â w e ll.
b) T here are s ig n if ic a n t ly  m ore h e a v y -h o le  c o n fin e d  s t a t e s  in  a 
(1 1 1 ) w e ll o f  g iv e n  w id th  th a n  in  th e  e q u iv a le n t  (0 0 1 ) w ell; and  
th e  s p l i t t in g  b e tw een  th e  tw o  h ig h e s t  h e a v y -h o le  s ta t e s ,  
E(HH1)-E(HH2), d e c r e a s e s  m uch m ore r a p id ly  w ith  in c r e a s in g  w e ll  
w id th  in  th e  (1 1 1 ) c a se .
c) For s u f f ic ie n t ly  w id e  w e l ls ,  th e  LHl s ta te  m ust a lw a y s  l i e  b elow
* *th e  HH2 s ta t e  fo r  (111) g ro w th , a s  m^>4m^ fo r  th e  (111) d ir e c t io n .
In th in  w e lls , o n ly  on e  l ig h t  and on e h ea v y  bound s ta t e  are
e x p e c te d , so  LHl m ust r is e  a b o v e  HH2 a t som e in te r m ed ia te  w e ll
w id th  L . We c a lc u la te  th e  c r o s s o v e r  to  be a b o u t 50Â fo r  (111) w * *grow th  b e tw een  Ga ^A1 ^As b a r r ie r s . As m^<4m^ in  (001) grow th , th e  
LHl s ta t e  w ill  a lw a y s  be a b o v e  th e  HH2 s ta te  in  t h is  c a se . For m ost  
w e ll w id th s  o f  in te r e s t ,  th e  se co n d  c o n fin e d  v a le n c e  s ta te  i s  
th e r e fo r e  HH2 in  (111) g ro w th , w h ile  i t  i s  LHl in  th e  (001) ca se .
F igu re  (6.2) sh o w s th e  v a le n c e  sub b an d  s tr u c tu r e  fo r  50, 100 
and 150Â w e lls  b e tw een  Ga ^A1 ^As b a r r ie r s  c a lc u la r e d  by W.Batty. 
T here a re  m arked d if f e r e n c e s  b e tw e e n  th e  (001) ((a )-(c)) and (111) 
((d )-(f)) r e s u lt s .  In ea ch  c a s e  th e  h ig h e s t  v a le n c e  su b b an d , HHl, 
h as a low  in -p la n e  e f f e c t iv e  m ass o v e r  a sm all en erg y  range. In 
th in  w e lls , th e  l ig h t - h o le  b e h a v io u r  p e r s is t s  o v e r  a g r e a te r  en ergy  
range in  th e  (111) th a n  th e  (001) ca se . T h is l ig h t - h o le - l ik e
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Figure 6.2 Valence subband s tructure  of (a ) - (c )  (001) 
and (d )-( f )  (111)  GaAs wells between Ga AlAs 
barriers. The wells are 60, 100 and 160À ' wide.
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b e h a v io u r  can be u n d er sto o d  by tr e a t in g  eq. (6.4) in  th e  d ia g o n a l
ap p ro x im a tio n , w h ereb y  we ig n o r e  b an d -m ix in g  e f f e c t s .  From th e
d ia g o n a l e le m en ts  o f  eq . (6 .4 ), th e  s t a t e s  w h ich  are  h e a v y  a lon g
*  -1th e  grow th  d ir e c t io n  (m =(y^-2 y^) ) are  c o m p a ra tiv e ly  l ig h t  in  th e
* -]w e ll p la n e  (m =(yj^+yg) ). T h is l ig h t - h o le - l ik e  b e h a v io u r  p e r s is t s
in  th e  w e ll p la n e  u n t i l  m ix ing  w ith  lo w e r -ly in g  b an d s becom es  
im p ortan t. T hree fa c to r s  ten d  to  en h an ce  th e  e n e r g y  ran ge  o v e r  
w h ich  a low  in -p la n e  e f f e c t iv e  m ass i s  fo u n d  in  th in  ( 1 1 1 ) w e lls  ;
a) The in c r e a s e d  H H l-LH l en erg y  s p l it t in g ,  a s s e e n  in  F ig . (6.1).
b) When o f f -d ia g o n a l  e le m en ts  are ig n o red  in  Eq. (6.4), th e  in v e r s e  
e f f e c t iv e  m ass in  th e  w e ll p la n e  i s  (y^+y^) (1 1 1 ) gro w th  and
(^1 +^2 ) fo r  (001) grow th . S in ce  i s  g r e a te r  th a n  y 2  (T able 6.1), 
th is  le a d s  to  a low er  in -p la n e  m ass fo r  th e  (1 1 1 ) c a se .
c) Band m ixing  e f f e c t s  e n te r  v ia  th e  o f f -d ia g o n a l  e le m e n ts  o f  Eq.
(6.4) and in  p a r t ic u la r  v ia  th e  b term s, in v o lv in g  k^k^. The b term  
is  p r o p o r tio n a l to  y^ fo r  (0 0 1 ) gro w th  b u t to  a l in e a r  co m b in a tio n  
o f  y^ and y^ fo r  (1 1 1 ) g row th , w h ich  im p lies  th a t  th e  c o u p lin g  
b etw een  th e  HH and LH su b b a n d s i s  w eak er  in  th e  (111) c a se .
T urn ing to  th e  50Â w e ll, fo r  in s ta n c e , th e  c o m b in a tio n  o f  th e s e  
fa c to r s  le a d s  to  a g r e a te r  l ig h t - h o le  cap in  th e  ( 1 1 1 ) ca se; we
e s tim a te  th a t  th e  v a le n c e  band d e n s ity  o f  s t a t e s  i s  a p p r o x im a te ly
h a lv e d  o v e r  th e  f ir s t  25 meV (kT a t room tem p era tu re ), com pared to  
th e  (001) c a se . L ig h t-h o le  c h a r a c te r  h a s  b een  p r e d ic te d  
th e o r e t ic a l ly  [130] and o b se r v e d  e x p e r im e n ta lly  [131] in
s tr a in e d - la y e r  s tr u c tu r e s . The (111) l ig h t - h o le  cap  c o v e r s  a
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sm a ller  en e r g y  ran ge  th a n  in  th e  optim um  s tr a in e d - la y e r  c a s e s  
d is c u s s e d  in  c h a p te r  4: n e v e r th e le s s  (111) l ig h t  h o le s  c o u ld  be o f  
b e n e f it  fo r  la s e r  [37,132] o r  com plem entary  lo g ic  a p p lic a t io n s  
[133], p r o v id in g  a l ig h t  h o le  cap  on th e  v a le n c e  band w ith o u t  th e  
p o te n t ia l  s t a b i l i t y  p rob lem s o f  s tr a in e d - la y e r  s tr u c tu r e s .
T here are s ig n if ic a n t  band  m ix ing  e f f e c t s  in  th e  (001) 
su b b a n d s, b u t t h e s e  are g e n e r a lly  a b se n t  from  th e  ( 1 1 1 ) su b b a n d s. 
In p a r t ic u la r , many o f  th e  lo w e r  su b b an d s h a v e  an e le c tr o n - l ik e  
e f f e c t iv e  m ass a t  th e  zon e c e n tr e  fo r  (001) gro w th  (e .g . LHl, HH3 
and HH4 in  f ig . (6.2 (a )-(c )) w h erea s  l e s s  upw ard d is p e r s io n  i s  
fou n d  in  th e  (111) s tr u tu r e s  c o n s id e r e d  (6.2(d) -(f )) . O 'R eilly  and  
W itchlow  [80] h a v e  sh ow n  th a t  in  sym m etric quantum  w e lls ,  su c h  a s  
th o s e  c o n s id e r e d  h ere , th e  e le c tr o n - l ik e  e f f e c t iv e  m ass i s  due to  
band m ixing  b e tw e e n  h e a v y -  and l ig h t - h o le  s t a t e s  o f  o p p o s ite  
p a r ity , th e  s tr o n g e s t  m ix ing  b e in g  b etw een  s t a t e s  w h o se  in d ic e s  
on ly  d i f f e r  by one. T hus, HH2-LH1 m ixing  i s  r e s p o n s ib le  fo r  th e  
upw ard d is p e r s io n  o f  LHl (6.2(a) -(c ))  and LH2-HH3 m ix in g  fo r  th a t  
o f  HH3 (6.2(b), (c)). The sh a rp  r e d u c tio n  in  h e a v y -h o le  c o n fin em en t  
e n e r g ie s  in  (1 1 1 ) grow th  le a d s  to  an in c r e a se d  e n e r g y  s p l i t t in g  
b etw een  th e  r e le v a n t  h e a v y  and l ig h t  zone c e n tr e  s t a t e s  and  
c o n se q u e n t  w eak en in g  o f  m ix in g  e f f e c t s .  T h is i s  p a r t ic u la ly  
n o t ic e a b le  in  th e  150Â w e l ls ,  w h ere  s tr o n g  m ixing  i s  s e e n  b etw een  
a ll  ban d s fo r  (0 0 1 ) gro w th  ( f ig . 6 .2 (c), w h ile  fo r  ( 1 1 1 ) grow th , 
many o f  th e  ban d s are a p p r o x im a te ly  p a r a lle l  to  ea ch  o th e r  a t sm all 
w a v e v e c to r  k^ (fig . 6 .2 (f)).
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The (111) quantum  w e ll  la s e r  o f  [120] c o n s is te d  o f  a 70Â GaAs 
w e ll b e tw een  p a r a b o lic a lly  g ra d ed  b a r r ie r s , th e  b a rr ier  co m p o sitio n  
v a ry in g  from  Ga „A1 .,As to  Ga .,A1 „As o v e r  1500Â. W .Batty ca n n o t«0 # j  . f
t r e a t  p a r a b o lic  b a r r ie r s  w ith  h is  program s so  h as m od elled  t h is
la s e r  s tr u c tu r e  by ta k in g  a b a r r ie r  o f  c o n sta n t  co m p o sit io n ,
Ga qAI _As. The c a lc u la te d  band  s tr u tu r e s  fo r  70A (001) and (111) .0
quantum  w e lls  are  i l lu s t r a t e d  in  f ig u r e  6.3 (a) and (b)
r e s p e c t iv e ly . The sam e f e a t u r e s  are s e e n  in  th is  c a se  a s  in  f ig u r e  
6 .2 : an en h an ced  l ig h t - h o le  cap  a t  th e  v a le n c e  band maximum in  th e  
(111) c a se , and th e  se co n d  su b b a n d  b e in g  HH2 fo r  (111) grow th  and  
LHl fo r  (001) grow th .
6.3 OPTICAL MATRIX ELEMENTS
A ssum ing th a t  th e  c o n d u c t io n  band is  d eco u p led  from  th e  v a le n c e  
band, we d e f in e  th e  o p t ic a l  m a tr ix  e lem en ts  fo r  th e  f ie ld  E a lo n g  
th e  u n it  v e c to r  e a s  [83]:
o 2 m _
11 Pch-l^=n o
2 m P o P(kp) (6 .8 )
w h ere P (=^ M) i s  th e  m omentum  m atr ix  e lem en t b etw een  an s - l ik e  and  
o
a p - l ik e  B loch  s t a t e  g iv e n  from  eq.(3.41) by
(E g+ ^ A )
= 21.14 eV ,
u s in g  E g=1.424eV , A = 0 . 3 4 e V  an d  m^=0.067 [134] .
The d ep en d en ce  o f  /3(k) on k^ i s  d ue b o th  to  m ixing  o f  d if fe r e n t  
zone c e n tr e  w ave fu n c t io n s  a t  f in i t e  k^, and to  th e  an g u la r
100
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-8 0 6420
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Figure 6.3 Valence subband structure of 
70A GaAs well between Ga^ AI^^As 
barrie rs  for (001) and (111) growth,
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d ep en d en ce  o f  th e  p r o je c t io n s  o f  th e  t r a n s it io n  m atrix  e lem en ts  on  
th e  d ife r e n t  c r y s ta l  a x e s . We do n o t n eed  to  a v e r a g e  o v e r  a l l  
in -p la n e  d ir e c t io n s  in  th e  a x ia l  ap p rox im ation . We assum e th e  
fo llo w in g  s e le c t io n  r u le s  b e tw e e n  th e  zone c e n tr e  e n v e lo p e  
fu n c tio n s
T aking th e  q u a n tis a t io n  a x e s  a lo n g  th e  grow th  d ir e c t io n , th e  h e a v y -  
and l ig h t - h o le  b a s is  s t a t e s  are g iv e n  by eq.(3.14), so  th a t  fo r  
l ig h t  p o la r ise d  a lon g  (t), |3 , Ç) w ith  r e sp e c t  to  (x^, x^, x^) (and  
n o t (x, y, z)) th e  momentum m atr ix  e lem en ts  in  u n its  o f  are
s t i l l  g iv en  by ta b le  (3.4) u s in g  th e  fa c t  th a t  <S | p^ | X^> (=M) i s  
in d ep en d en t o f  th e  d ir e c t io n  a fo r  b u lk  B loch s ta t e s  | For TE 
m odes, th e  e le c tr ic  f ie ld  i s  a lo n g  th e  '1 ' d ir e c t io n  ^=^=0)
and fo r  TM m odes E i s  a lo n g  x^: ^=1, rj=/3=0. T h erefo re  th e
d iffe r e n c e  in  o p t ic a l  m atr ix  e le m en ts  b etw een  (0 0 1 ) and (1 1 1 ) 
a r is e s  from  band m ixing  e f f e c t s  a t f in i t e  k^. We h a v e  ch eck ed  th e  
fa c t  th a t  F^(z) and F^(z) are s l ig h t ly  d if fe r e n t  a lo n g  (001) and  
(1 1 1 ) h as a n e g lig ib le  in f lu e n c e  on th e  o p t ic a l  m atrix  e lem en ts .
2F ig u res  (6 .4 -6 .6 ) sh ow  M, in  u n it s  o f  -----^  fo r  tr a n s it io n s
b etw een  th e  f ir s t  e le c tr o n  su b b an d  (E l) and th e  f i r s t  and seco n d
h o le  su b b an d s fo r  L^=50, 100 and 150Â fo r  b o th  d ir e c t io n s  o f  l ig h t
+3p o la r is a t io n  (TE and TM). The h ig h e s t  h o le  subb and  h a s  m j^-^ a t th e  
zone c e n tr e  (h e a v y -h o le  l ik e  a lo n g  th e  grow th  d ir e c t io n ), fo r  w h ich
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th e  o p t ic a l  m atrix  e lem en t i s  la r g e  fo r  TE m odes, and v a n ish in g  fo r  
TM m odes n ear  th e  zone c e n tr e . At low  c a r r ie r  d e n s i t ie s ,  HI i s  th e  
o n ly  p o p u la te d  su b b a n d ,so  th a t  TE m odes are a lw a y s  fa v o u r ed  w ith  
r e s p e c t  to  TM. The se co n d  h o le  su b b an d  i s  HH2 fo r  L^>50Â in  (111) 
grow th , w h ich  c o n tr ib u te s  l i t t l e  to  TE or TM m odes a s o c ia te d  w ith  
t r a n s it io n s  to  th e  lo w e s t  c o n d u c tio n  band, E l. By c o n tr a s t , th e  
se co n d  h o le  sub b an d  i s  LHl in  (001) w e lls  w h ich  c o n tr ib u te s  more 
s tr o n g ly  to  TM th an  to  TE m odes. C o n se q u en tly  TE g a in  i s  ev en  
la r g e r  com pared to  TM g a in  in  (111) th a n  in  (001) quantum  w e lls . 
With in c r e a s in g  w e ll w id th , band m ixing  e f f e c t s  becom e more 
im p ortan t, and th e  s e le c t io n  o f  TE m odes i s  red u ced . For L^=150Â, 
th e  th ir d  and lo w er  h o le  su b b a n d s p la y  an im p o rta n t r o le  due to  
s tr o n g  m ixing  e f f e c t s ,  s o  we e x p e c t  th a t  in  t h is  c a s e  TE and TM 
m odes h a v e  s im ila r  g a in s  a s  fo r  b u lk  la s e r s ,  and th a t  b o th  grow th  
d ir e c t io n s  are e q u iv a le n t . In a d d it io n  to  th e  d if f e r e n c e  in  o p t ic a l  
m atrix  e lem en ts  b etw een  TE and TM m odes, th e  r e f l e c t iv i t y  R is  
h ig h e r  fo r  TE m odes [13] and t h is  te n d s  to  e lim in a te  th e  
p ro p a g a tio n  o f  TM m odes in  se m ic o n d u c to r  la s e r s .  T h ere fo re  we 
c o n s id e r  in  th e  fo llo w in g  s e c t io n  TE m odes on ly .
6.4 LASER GAIN
U sing  th e  v a le n c e  band  s tr u c tu r e s  sh ow n  in  F ig s . 6.2 and 6.3,
and assu m in g  a p a r a b o lic  c o n d u c tio n  band w ith  in -p la n e  e f f e c t iv e
_m ass m^=,067, we h a v e  c a lc u la te d  th e  maximum g a in , g^(cm  ), a s a
_3fu n c tio n  o f  c a r r ie r  d e n s ity , n(cm ), a t  300K a cco rd in g  to  
eq.(2.18). We assum e an in tr a -b a n d  r e la x a t io n  tim e o f  10 ^^s
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[29], co rresp o n d in g  to  a l e v e l  b ro a d en in g  o f  6.7meV. The d ip o le  or  
momentum m atrix  e lem en ts  are  in p u t  from  th e  c a lc u la t io n s  o f  th e  
p r e v io u s  s e c t io n .
F igu re  6.7 sh o w s th e  p ea k  ga in , g^ , a s  a fu n c t io n  o f  c a r r ie r  
d e n s ity  fo r  th e  (1 1 1 ) quantum  w e lls  ( so lid  l in e s )  and th e  (0 0 1 ) 
quantum  w e lls  (d a sh ed  l in e s )  fo r  TE m odes. For th e  50, 70 and 100Â 
w e lls , tra n sp a re n c y  i s  a c h ie v e d  a t a lo w er  c a r r ie r  d e n s ity  fo r  th e  
(1 1 1 ) w e ll, b e c a u se  o f  th e  red u ced  d e n s ity  o f  s t a t e s  a t th e  v a le n c e  
band maximum: few e r  c a r r ie r s  are  r e q u ire d  fo r  p o p u la t io n  in v e r s io n .  
At h ig h e r  c a r r ie r  d e n s i t ie s ,  a c r o s s o v e r  o ccu rs  in  th e  70 and 100Â
w e lls , w h ereb y  g r e a te r  g a in  i s  a c h ie v e d  in  th e  (0 0 1 ) w e ll  th a n  th e
(111) w e ll a t a g iv e n  c a r r ie r  d e n s ity  n. T his c r o s s o v e r  o cc u r s  w hen  
th e  o c c u p a tio n  o f  th e  se co n d  and fu r th e r  su b b a n d s becom es  
im p ortan t, and i s  due to  th e  d if f e r e n t  su b b an d  o rd e r in g  in  th e  tw o  
ca ses: c a r r ie r s  in  th e  se co n d  su b b an d  in  (001) s tr u c tu r e s  (LHl) 
c o n tr ib u te  m ore s tr o n g ly  to  th e  g a in  th an  do c a r r ie r s  in  th e  se co n d  
(111) subb and  (HH2). The c r o s s o v e r  d o es  n o t o ccu r  fo r  th e  c a r r ie r  
d e n s ity  ran ge c o n s id e r e d  in  th e  50Â w e ll fo r  tw o re a so n s:  f i r s t ly  
b e c a u se  LHl and HH2 are now  a p p ro x im a te ly  d e g e n e r a te  in  th e  (111) 
c a se , and se c o n d ly , a s  th e  s p l i t t in g  is  la rg e r  th a n  in  th e  o th e r
s tr u c tu r e s  c o n s id er e d , th e  lo w e r  su b b an d s do n o t p la y  su c h  an
im p ortan t r o le . L it t le  d if fe r e n c e  i s  fou n d  b etw een  th e  maximum g a in  
sp e c tr a  o f  th e  tw o 150Â w e lls  r e f le c t in g  th e  fa c t  th a t  th e  subb and  
s p l i t t in g s  are now com p arab le to  th e  assum ed le v e l  b rod en in g  o f  
6.7meV.
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H ayakawa e t  a l, [122] a ls o  m easu red  th e  g a in  sp ectru m  as a 
fu n c tio n  o f  cu r r en t and fo u n d  s tr o n g  ga in  s a tu r a t io n  o f  th e  n= l 
t r a n s it io n  fo r  a (111) la s e r  w ith  100Â w e lls . They d em o n stra ted  th e  
peak  g a in  s w itc h in g  to  th e  n = 2  t r a n s it io n  a t h ig h e r  cu r r en t  
d e n s it ie s .  F igu re  6 .8  (b) sh o w s th a t  th e  p r e s e n t  c a lc u la t io n
con firm s th a t  t h is  s w itc h in g  i s  fa v o u r e d  in  su ch  a ( 1 1 1 ) s tr u c tu r e  
b e c a u se  th e  se co n d  v a le n c e  su b b an d  i s  HH2 and i t  l i e s  v e r y  c lo s e  in  
en ergy  to  th e  HHl c o n fin e m e n t le v e l .  In th e  (001) c a se , th is  en erg y  
s e p a r a tio n  i s  la r g e r  and th e  n = l TM tr a n s it io n  u s u a lly  la s e s  b e fo r e  
th e  n=2 TE tr a n s it io n . We th e r e fo r e  e x p e c t  a TE-TE jump a t h ig h  
c a r r ie r  d e n s i t ie s  in  (111) la s e r s  in s te a d  o f  a TE-TM jump in  (001) 
la se r s .
6.5 THRESHOLD CURRENT DENSITY
The e x p e r im e n ta lly  d eterm in ed  d if fe r e n c e s  in  th r e s h o ld  c u r r en t  
d e n s ity  b e tw een  (0 0 1 ) and ( 1 1 1 ) grow th  are a l l  c o n s is t e n t  w ith  th e  
c a lc u la te d  p eak  g a in  c u r v e s  o f  F ig . 6.7. E asin g  o c c u r s  w hen th e  
p eak  ga in , g^^^, e q u a l th e  t o t a l  lo s s e s  in  th e  la s e r
The th r e s h o ld  cu r r en t d e n s ity  assum ing  r a d ia t iv e  r eco m b in a tio n
2on ly , v a r ie s  w ith  th e  th r e s h o ld  c a r r ie r  d e n s ity , n^^, as  
From f ig u r e  6.7, a low  lo s s  (111) quantum  w e ll la s e r  w ith  th in  
w e lls  sh o u ld  h a v e  a lo w e r  th r e s h o ld  ca r r ie r  and th e r e fo r e  cu r r en t  
d e n s ity  th an  an e q u iv a le n t  (001) quantum  w e ll la se r . We c a lc u la te
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Figure 6.8 The variation of gain w ith  
wavelength for (111)-grown 100A GaAs 
wells between Gao.eAlo.gAs barriers.
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th a t  w ou ld  be red u ced  by a b o u t 2 0 % in  a ( 1 1 1 ) s tr u c tu r e  w ith
50Â w e lls  com pared to  a (001) s tr u c tu r e  w ith  e q u a l lo w  lo s s e s  
(assu m in g  a =50cm a  =10cm L=490pm, B _^p=10 ^^cm R=0.325etc 0 JC 0 XX
and r=4.-91x10 ^L^). A 5-10% im provem en t sh o u ld  b e  fo u n d  in  70Â 
w e lls , w h ile  l i t t l e  d if fe r e n c e  i s  e x p e c te d  b e tw e e n  s im ila r  
s tr u c tu r e s  fo r  L^^lOOÂ. T h ese  r e d u c tio n s  and v a r ia t io n s  com pare  
v e r y  fa v o u r a b ly  w ith  th o s e  fo u n d  ex p e r im en ta lly  in  r e f  ( 1 2 1 ). 
F ig .(6 .9) sh o w s th e  r a t io  o f  (111) to  (001) cu r r en t d e n s i t ie s  fo r  
v a r io u s  w e ll w id th s  in  ou r  c a lc u la t io n s  and in  r e f  [ 1 2 1 ].
For lo s s y  la s e r s ,  r e q u ir in g  la r g e  v a lu e s  o f  g^^^ , we e x p e c t  
from  f ig .6 .7  th a t  (0 0 1 ) grow th  w il l  g iv e  th e  lo w e r  th r e s h o ld  
cu r r en t d e n s ity  in  w e lls  o f  in te r m ed ia te  w id th , i f  th e  sam e lo s s  
m echan ism s are o p e r a tin g  in  th e  tw o  c a s e s , b e c a u se  o f  th e  ga in  
s a tu r a t io n  e f f e c t s  in  th e  (1 1 1 ) ca se .
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6.6 CONCLUSIONS
T here h a s b een  m uch t h e o r e t ic a l  and e x p er im en ta l in te r e s t  in  
a c h ie v in g  l ig h t - h o le  b e h a v io u r  a t  th e  v a le n c e  band maximum o f  
s tr a in e d  la y e r  s tr u c tu r e s  a s  d e sc r ib e d  in  th e  p r e v io u s  c h a p te rs . 
F igu re 6.2 sh o w s th a t  l ig h t  h o le s  may be a c h ie v e d  in  (111) 
u n str a in e d  s tr u c tu r e s  o v e r  an e n erg y  ran ge com p arab le  w ith  th e  
HH1-HH2 en erg y  s p l i t t in g ,  ~kT a t  room  tem p era tu re  fo r  th e  50Â w e ll  
in  f ig . 6.2 (d). We h a v e  sh ow n  t h a t  t h is  l ig h t - h o le  cap  can a cco u n t  
fo r  th e  r e d u c tio n  in  th e  th r e s h o ld  cu rren t d e n s ity  o b se r v ed  in  
(111) G aAs-AlGaAs quantum  w e ll  la s e r s  fo r  in te r m ed ia te  w e ll w id th s . 
T here are many d i f f i c u l t i e s  and c o n s tr a in ts  a s s o c ia te d  w ith  
s tr a in e d  la y e r  grow th  [79 ], and  th e  lo n g  term  s t a b i l i t y  o f  s tr a in e d  
la y e r s , w h ile  p rom isin g , h a s  s t i l l  to  be fu l ly  a s s e s s e d . We s u g g e s t  
th a t  in  v ie w  o f  t h e ir  p o t e n t ia l  fo r  l ig h t  h o le s , i t  i s  now tim ely  
fo r  an in c r e a se d  e x p e r im e n ta l e f f o r t  to  s tu d y  th e  v a le n c e  band  
s tr u c tu r e  o f  (1 1 1 ) quantum  w e lls  and th e ir  fu r th e r  p o s s ib le  
o p to e le c tr o n ic  d e v ic e  a p p lic a t io n s .
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CHAPTER SEVEN 
EXCITONS IN 2-D  SYSTEMS
7.1 INTRODUCTION
In th e  p r e v io u s  c h a p te r s , p a r t ic u la r  em p h asis  h a s  b een  g iv en  to  
th e  o p tim isa t io n  o f  la s e r  c h a r a c te r is t ic s  w h ere  th e  sc r e e n in g  o f  
th e  Coulom b in te r a c t io n  b e tw e e n  an e le c tr o n -h o le  p a ir  by th e  la rg e  
d e n s ity  o f  in je c te d  c a r r ie r s  j u s t i f i e s  th e  u s e  o f  o n e -e le c tr o n  
s ta t e s .  For d e v ic e s  in v o lv in g  lo w  c a r r ie r  d e n s i t ie s ,  w h ere th e  
Coulom b in te r a c t io n  i s  s tr o n g , t h e  e le c tr o n -h o le  p a ir  i s  bound and  
form s an e x c ito n . V ar iou s n o n lin e a r  d e v ic e s  are  b a se d  on th is  
e f f e c t  [135] and th e  en h an cem en t o f  th e  e x c ito n  b in d in g  en ergy  is  
d e s ir a b le  [136]. Type I quantum  w e l ls  h a v e  b een  sh ow n  to  h a v e  a 
la rg e r  b in d in g  en erg y  th a n  b u lk  m a te r ia ls  [137,138] due to  th e  
s p a t ia l  co n fin em en t o f  th e  e le c tr o n  and h o le  s t a t e s .  M ost w ork to  
d a te  h a s  c o n c e n tr a te d  on  (O O l)-grow th and on la tt ic e -m a tc h e d  
s tr u c tu r e s  [72,139-142]. In t h i s  c h a p te r , we show  th e  e f f e c t  o f  
c r y ta l o r ie n ta t io n  and o f  s tr a in  on  th e  e x c ito n  b in d in g  en ergy . 
S e c tio n  2 d e s c r ib e s  th e  m eth od  u se d  fo r  b o th  (001)- and  
( l l l ) - g r o w th .  The m ethod  ca n  in c lu d e  b o th  v a le n c e  band m ixing  
e f f e c t s  and c o n d u c tio n  band  n o n p a r a b o lic ity . We f i r s t  c o n s id e r  in  
s e c t io n  3 th e  e f f e c t s  o f  ch a n g in g  th e  grow th  d ir e c t io n  on th e  
b in d in g  en erg y  in  G aA s-AlG aA s sy s te m s. We f in d  th e  H H l-E l e x c ito n
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b in d in g  en erg y  to  be s l ig h t ly  sm a lle r  fo r  (1 1 1 ) gro w th  com pared to  
(001) grow th . The b in d in g  e n e r g y  fo r  l ig h t - h o le  e x c ito n s  i s  
s e n s i t iv e  to  th e  m a ter ia l p a ra m eters  u sed  b e c a u se  t h e s e  e x c ito n s  
are s tr o n g ly  co u p led  to  o th e r  h e a v y -h o le  e x c ito n s  and th e  en ergy  
se p a r a tio n  o f  eg  LHl and HH2 can v a ry  s ig n if ic a n t ly  w ith  th e  
p aram eters  u sed . We th e n  sh ow  th e  e f f e c t  o f  (O O l)-strain  on th e  
e x c ito n  e n e r g ie s  in  s e c t io n  4. G aAs-AlGaAs sy s te m s  are  n e a r ly  
la t t ic e -m a tc h e d  and we th e r e fo r e  ta k e  InGaAs-GaAs s tr u c tu r e s  w here  
th e  w e l ls  are u n d er b ia x ia l  co m p ress io n .
7.2 THEORY
In c h a p te r  3, u se  w as m ade o f  th e  o n e -e le c tr o n  a p p ro x im a tio n  to  
s o lv e  th e  e le c tr o n ic  prob lem  (w ith  th e  io n s  h e ld  a t th e ir  
eq u ilib r iu m  p o s it io n s ) . In r e a li ty ,  t h i s  a p p ro x im a tio n  r e p r e s e n ts  a 
z e r o th -o r d e r  d e sc r ip t io n  o f  th e  e x a c t  m any-body H am ilton ian  {H). 
The m any-body w ave fu n c tio n  can  be exp an d ed  in to  a co m p lete  s e t  o f  
a n tisy m m etr ic  p ro d u cts  o f  o n e -e le c tr o n  s ta t e s .  The b e s t  s e t  o f  
s o lu t io n s  in  th e  o n e -e le c tr o n  a p p rox im ation , th e  H a rtree -F ock  
fu n c t io n s , are d i f f ic u l t  to  o b ta in . T hey can be r e p la c e d  e ith e r  by  
e x te n d e d  B loch  or lo c a l is e d  W annier s t a t e s  [143]. The grou n d  s ta te  
(v a le n c e  band s f u l l  and c o n d u c tio n  b an d s em pty) i s  th e  sam e in  b o th  
th e  B loch  and W annier r e p r e s e n ta t io n s  [144]. H ow ever, th e  e x c ite d  
s t a t e s  are d iffe r e n t . The s im p le s t  z e r o th -o r d e r  e x c it e d  s ta t e  in  
th e  B loch  schem e i s  an an tisy m m etr ic  p ro d u ct o f  o n e -e le c tr o n  s ta t e s  
th a t  d if f e r s  from  th e  ground  s t a t e  in  th a t  one e le c tr o n  o f  momentum  
k^ i s  rem oved  from  th e  v a le n c e  band m to  a s t a t e  in  th e  c o n d u ctio n
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band n w ith  momentum k^. S u ch  a  s t a t e  i s  d e n o te d  b y  ^,Yin^^e'^h^' 
th e  W annier r e p r e s e n ta t io n , th e  z e r o th -o r d e r  e x c ite d  s ta te  
r e p r e s e n ts  a s t a t e  in  w h ich  on e  e le c tr o n  h a s  b een  tak en  
from  a  band m W annier s t a t e  in  c e l l  R  ^ and  p la c e d  in  c e l l  Rj in  a 
band n W annier s ta t e  [144].
To f in d  th e  f ir s t - o r d e r  e x c it e d  e ig e n s t a te s  o f  th e  c r y s ta l , one
h a s  to  d ia g o n a lis e  H b e tw e e n  d i f f e r e n t  ^ (k  ,k, ) o r  <p (R.,R.). Inmn G in mn i  j
th e  form er c a se , m ix ing  o c c u r s  o n ly  am ong z e r o -o r d e r  fu n c tio n s
h a v in g  th e  sam e K=k -k , w h ile  in  th e  la t t e r  c a s e  th e  m atrixe h
e le m e n ts  are  e x p e c te d  to  sh ow  an e x p l ic i t  d ep e n d e n c e  on /3=R^-Rj 
[144]. In p r a c t ic e , n e ith e r  o f  th e  tw o  r e p r e s e n ta t io n s  p r o v id e s  a  
u s e fu l  H am ilton ian  m atr ix  fo r  tr u e  e x c it e d  s ta t e s ,  W annier [145] 
s u g g e s te d  a th ir d  ( 'e x c ito n ')  r e p r e s e n ta t io n  ^^^(K,f3) r e la te d  to  
th e  p r e v io u s  tw o  by [144]
( k -K ,k )
k
e^ ^ -% ^ j^ (R ,R + P ) , (7.1)
R
w h ere N i s  th e  num ber o f  u n it  c e l l s  in  th e  c r y s ta l .
The m a tr ix  e lem en ts  c o n n e c tin g  s t a t e s  w ith  d i f f e r e n t  K v a n ish  and
th e  l in e a r  com b in a tion  o f  s t a t e s  é  (K,S) m ust b e  ta k e n  w ith^mn
r e s p e c t  to  [3
w h ere th e  c o e f f ic ie n t s  U a re  o b ta in e d  frommnK
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y  <mnKg IH | mnKg'>U^^g^(p')=EU^^g(p) . (7.3)
P'
T h is r e s u lt  m o d if ie s  th e  e n erg y  sp ectru m  o f  th e  c r y s ta l  fou n d  
in  th e  o n e -e le c tr o n  a p p ro x im a tio n . Two ex trem e c a s e s  are  p o ss ib le :  
th e  h ig h ly  lo c a l is e d  F r e n k e l e x c ito n  [146] fo r  w h ich  13=0 o n ly  and  
th e  w ea k ly  lo c a l is e d  W annier e x c ito n  fo r  w h ich  13 e x te n d s  to  la r g e  
v a lu e s  [144]. The m atr ix  e lem en t in  (7.3) can  be s p l i t  in to  a 
lo n g -r a n g e  p a r t and a s h o r t-r a n g e  p a r t (w h ose  term s are  n e g lig ib le  
fo r  la rg e  /3). In se m ic o n d u c to r s , e x c ito n s  are o f  th e  W annier ty p e  
[147,148] and th e  s h o r t-r a n g e  term s can be d isre g a r d e d  (or  tr e a te d  
as a p e r tu r b a tio n ) . The lo n g -r a n g e  p a r t le a d s  to  a h y d r o g e n - lik e  
sp ectru m  o f  e ig e n v a lu e s  [149]. The in tr o d u c t io n  o f  m ore th a n  tw o  
bands in  eq.(7.3) le a d s  to  a m ore g e n e r a l r e s u lt ,  w h ich  can be  
ren o rm a lised  in to  a tw o -b a n d  m odel. The main e f f e c t  o f  th e  o th e r  
bands i s  th e  in tr o d u c t io n  o f  th e  d ie le c tr ic  c o n s ta n t  in to  th e  
e le c tr o n -h o le  in te r a c t io n  [144].
An in t u it iv e  p ic tu r e  o f  th e  la r g e -r a d iu s  e x c ito n  can  be  
o b ta in ed  from  th e  e f f e c t iv e  m ass ap p rox im ation , w h ere a l l  p a r t ic le s  
in  th e  sy stem  are ig n o r e d  e x c e p t  th e  e x c ite d  e le c tr o n  and h o le . The  
e f f e c t  o f  th e  la t t ic e  i s  to  p r o v id e  a p e r io d ic  p o te n t ia l  th a t  g iv e s  
th e s e  p a r t ic le s  e f f e c t iv e  m a sse s  (fo r  n o n -d e g e n e r a te  ban d s). In th e  
c a se  o f  d e g e n e r a te  b an d s, th e  e f f e c t iv e  m a sses  are r e p la c e d  by a  
s e t  o f  e q u a t io n s  H^(k^) and H^(kj^) w h ere k  g o e s  to  -iV. The 
e le c tr o n -h o le  Coulom b in te r a c t io n  i s  a lso  m o d ified  by th e  s t a t ic  
d ie le c tr ic  c o n s ta n t  o f  th e  m edium . The S c h r o ed in g er  e q u a tio n  i s
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th en
2
[H n(-i^e)"H m (-i^h)-c | r  - r ,  | 3^' e h
Eq.(7.4) can be g e n e r a lis e d  to  th e  quantum  w e ll ca se . C o n sid er in g
an e x c ito n  form ed b e tw een  an e le c tr o n  in  th e  F , c o n d u c tio n  band and0
a h o le  in  th e  Fg v a le n c e  b an d s le a d s  to
_ _ 2
' e  h*
w h ere V (z ) and V, (z, ) are  th e  c o n d u c tio n  and v a le n c e  band  e e h h
l in e u p s . and are th e  e f f e c t iv e  H am ilton ian s d is c u ss e d  in
ch a p ter  3. E arly  w ork on e x c ito n s  in  quantum  w e lls  u se d  a 
v a r ia t io n a l m ethod and ig n o r e d  th e  o f f -d ia g o n a l  e lem en ts  o f  
[142,150-153]. In ou r  a n a ly s is ,  we fo llo w  th e  p e r tu r b a tio n a l m ethod  
u sed  by E kenberg and A lt a r e l l i  [154] w h ich  in c lu d e s  th e s e  
o ff -d ia g o n a l e lem en ts .
In th e  c a se  o f  b u lk  e x c ito n s ,  th e  e le c tr o n  and h o le  c o o r d in a te s  
are r e p la c e d  by th e ir  r e la t iv e  c o o r d in a te s  | r^ -r^  | and s u ita b le  
c o o r d in a te s  fo r  d e sc r ib in g  th e  m otion  o f  th e  w h o le  e x c ito n . In th e  
quantum  w e ll c a se , we s e e  from  eq . (7.5) th a t  th e  con fin em en t  
p o te n t ia ls  ap p ly  to  th e  z -c o o r d in a te  o f  th e  e le c tr o n  and h o le  
se p a r a te ly . T h erefo re  i t  i s  m ore c o n v e n ie n t  to  r e ta in  z^ and z^ and  
in tr o d u ce  th e  r e la t iv e  c o o r d in a te s  x  (=x^-x^) and y (=Yg-y^) [or  
e q u iv a le n t ly  p=[x^+y^]^^^ and y= tan ^ (y /x )]. Two fu r th e r  param eters  
sh o u ld  be u se d  to  d e sc r ib e  th e  m otion  o f  th e  w h o le  e x c ito n  in  th e  
p la n s  o f  th e  in te r fa c e . We c o n s id e r  o n ly  th e  c a se  o f  an e x c ito n
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w h ich  is  s ta t io n a r y  in  th e  p la n e , so  th a t  th e  w a v e v e c to r  K^, 
d e sc r ib in g  i t s  m otion , i s  s e t  to  zero , and th e  tw o a d d it io n a l  
param eters are e lim in a ted . We assu m e fo r  now  a p a r a b o lic  co n d u c tio n  
band w ith  e f f e c t iv e  m ass m^. N o n p a r a b o lic ity  w il l  be d is c u ss e d  
la te r .
In th e  c a se  o f  (OOI)-growth, i s  g iv e n  by eq . (3.19) w ith  k
rep la ced  by -iV. The H am ilton ian  in  eq .(7.5) can be r e w r it te n  as
(7.6)
(7 .7 )w h e r e
H=H®+H^+H®^^+H +H o o o 1 2
a
o e a z 2
SZh
(7.8)
o • o x  a y
(7 .10)
and
w i th
and
H ^ ( z ^ , x , y ) =
0 B c 0*B 0 0 C*G 0 0 - B
0 *C *- B 0
B=- m
o
3 az^  Sax a y
a ] - 2 iy a'3 d x  ay
(7 .11)
(7.12)
(7.13)
ax  ay
The upp er (low er) s ig n  in  eq s . (7.8) and (7.9) c o r re sp o n d s  to  
h e a v y -  ( lig h t - )  h o le  s ta t e s .  The f i r s t  th r e e  term s in  eq.(7.6) are
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in c lu d e d  in  th e  z e r o th -o r d e r  c a lc u la t io n . The z e r o th -o r d e r  w ave  
fu n c t io n  is  s e p a r a b le  and i s  w r itte n  as
(7.14)
The bound and unb ound e n v e lo p e  fu n c t io n s  F^(z^) and F^(z^) can be
e a s i ly  o b ta in e d  a s  d e sc r ib e d  in  s e c t io n  3.3. The term  h a s  beenep
added  and su b s tr a c te d  in  (7.6) b e c a u se  H^^*^(p) can  be s o lv e d  
a n a ly t ic a lly  fo r  b o th  bound and continu um  s t a t e s  [155]. The 
v a r ia t io n a l  p aram eter X i s  in tr o d u c e d  to  make a p e r tu r b a tiv e  
H am ilton ian  [156,157]. We c h o o se  A s o  th a t  th e  e x p e c ta t io n  v a lu e  o f  
H  ^ i s  zero , i .e . th e  in te g r a ls  o f  th e  tw o  p o t e n t ia ls  in  (7.10) 
sh o u ld  c a n c e l and H  ^ o n ly  m akes a se co n d  o rd er  c o n tr ib u t io n  to  th e  
b in d in g  en ergy , w h ich  we ig n o r e . We c a lc u la te  b o th  f ir s t -o r d e r  
in te g r a ls  n u m erica lly . The f i r s t  r e d u c e s  to  a s in g le  in te g r a l o v er  
p and i t s  e v a lu a tio n  i s  s tr a ig h t -fo r w a r d  u s in g  G au ssian  q u ad ra tu re . 
The se co n d  i s  a t r ip le  in te g r a l  th a t  r e q u ir e s  som e c a re  to  en su re  
i t s  c o n v e r g en ce . We f in d  th a t  A^, th e  v a lu e  o f  A fo r  w h ich  th e  tw o  
in te g r a ls  are eq u a l, l i e s  b e tw e e n  0 and 1 a s  can  be s e e n  from  eq.
(7.10).
The H am ilton ian  H  ^ c o n ta in in g  th e  o f f -d ia g o n a l  e le m e n ts  o f
is  tr e a te d  p e r tu r b â t!v e ly  b e c a u se  i t  c o n ta in s  and w h ich  are
_ 1  +sm all com pared to  th e  c o e f f ic ie n t s  m^ ^y^-y.) o f  th e  d ia g o n a l term . 
The f ir s t - o r d e r  c o r r e c t io n s  o f  H  ^ v a n is h  due to  sym m etry. The 
s e c o n d -o r d e r  c o r r e c t io n s  in v o lv e  m atrix  e le m en ts  b e tw e e n  th e  s ta te  
o f  in te r e s t  and o th e r  s t a t e s  o f  H^ (sum m ing o v e r  boun d  s t a t e s  and  
in te g r a t in g  o v e r  continu um  s ta t e s ) .  The s t a t e s  in  w h ich  we are
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in te r e s te d  c o r resp o n d  to  I s  e x c ito n s  fo r  w h ich  th e  se c o n d -o r d e r  
c o r r e c t io n s  can  be e v a lu a te d  a n a ly t ic a lly . The r e q u ire d  m atrix  
e le m en ts  can  b e  se p a r a te d  in to  in te g r a ls  o v e r  z^, z^ and p. The z^ 
in te g r a l le a d s  to  in te r a c t io n s  b e tw een  z e r o th -o r d e r  s t a t e s  th a t  
h a v e  th e  sam e e le c tr o n  su b b an d  num ber. F or th e  z^ in te g r a l ,  i t  can  
be s e e n  from  e q s .(7.11-13) th a t  h e a v y -h o le  s t a t e s  c o u p le  to  
l ig h t - h o le  s t a t e s  and th e  B- (C-) term s co n n e c t s t a t e s  o f  th e  
o p p o s ite  (sam e) p a r ity . F u rth er  d e ta i ls  o f  th e  m ethod  can  be fou n d  
in  ref.(154).
In th e  c a s e  o f  ( l l l ) - g r o w t h ,  i s  g iv e n  by eq.(6.3). The
m ethod  o u t lin e d  in  th e  (O O l)-case can be r e p e a te d  e x c e p t  th a t  
r e p la c e s  y^ in  eq s . (7.8) and (7.9) w h ile  B and C becom e
- 1- (7.15)
C = - m (-&2V3 '^ax  ^ axg^ v^ 6 ''ax^ '^axg^axg (7.16)
w h ere x^, x^ and x^ are d ir e c te d  a lo n g  (1 , - 1 ,0 ), ( 1 ,1 , - 2 ) and
(1,1,1) r e s p e c t iv e ly .  It can  be s e e n  th a t  B and C h a v e  ea ch  tw o  
c o n tr ib u t io n s , on e o f  w h ich  m ix es  s t a t e s  o f  o p p o s ite  p a r ity  and th e  
o th e r  o f  w h ich  m ixes  s t a t e s  o f  th e  sam e p a r ity . T h is le a d s  to  th e  
rep la cem en t o f  y^ by [(2yg+yg)/3]^^^ in  e q s . (A16) and (A26) o f  
r e f ,(154), w h ile  th e  c o e f f ic ie n t  ^(y^+y^) i s  r e p la c e d  by ^(y^+Zy^) 
in  eq . (A21).
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7.3 RESULTS FOR (001)- AND (lll)-G R O W T H  G a A s-A lG a A s  
EXCITONS
GaAs-AlGaAs quantum  w e lls  h a v e  been  e x te n s iv e ly  s tu d ie d  fo r  
(001) grow th . T h eir  o p t ic a l  s p e c tr a  are o f te n  d om in ated  by  
e x c ito n ic  t r a n s it io n s  b e c a u se  t h is  la rg e  gap sy stem  h a s a sm all 
d ie le c tr ic  c o n s ta n t  le a d in g  to  a la r g e  b in d in g  en ergy . The E l-H H l 
and E l-L H l tr a n s it io n s  u s u a l ly  dom in ate th e  p h o to lu m in e sc en ce  
sp e c tr a , w h ereas th e  o th e r  tr a n s it io n s  can be o b se r v e d  in  
p h o to lu m in e sc en ce  e x c ita t io n . We th e r e fo r e  c o n s id e r  th e  c a lc u la t io n  
o f  (Is)  e x c ito n  b in d in g  e n e r g ie s  fo r  G aAs-A l ^Ga ^As s tr u c tu r e s  o f  
v a ry in g  w id th s  and se e  th e  e f f e c t s  o f  c r y s ta l  o r ie n ta t io n  on t h e s e  
e n e r g ie s . The m a ter ia l p aram eters  are ta k e n  from  r e f . (154) and  
rep rod u ced  in  ta b le  (7.1). The z e r o th -o r d e r  b in d in g  e n e r g ie s  are  
g iv e n  by
pA^e^ 
n c
w h ere th e  red u ced  m ass p and param eter  A  ^ v a ry  w ith  grow th
d ir e c t io n  fo r  a g iv e n  t r a n s it io n . A  ^ a lso  v a r ie s  w ith  w e ll w id th .
For h e a v y -h o le  e x c ito n s , p fo r  th e  (OO l)-case w h ile
-1  -1fi =m^ ( l l l ) - g r o w t h .  S in ce  3'3>3'2’ e f f e c t  te n d s  to
red u ce  th e  b in d in g  en e r g y  in  th e  ( l l l ) - c a s e .  H ow ever, th e  
h e a v y -h o le  s ta t e  is  m ore c o n f in e d  to  th e  w e ll m a ter ia l in  th e  
( l l l ) - c a s e  le a d in g  to  a h ig h e r  v a lu e  o f  A  ^ (w hich  te n d s  to  en h an ce  
E^). The la t t e r  e f f e c t  i s  dom inant fo r  e x c ito n  t r a n s it io n s  
in v o lv in g  th e  h ig h e s t  h o le  s ta t e s .  F ig. (7.1) sh o w s th a t  th e  
z e r o -o r d e r  en erg y  fo r  H H l-E l t r a n s it io n s  i s  sm a ller  in  th e  
( l l l ) - c a s e ,  con firm in g  th a t  th e  form er e f f e c t  i s  a lw a y s dom inant.
121
-1  -1R egarding l ig h t - h o le  e x c ito n s ,  th e  o p p o s ite  o ccu rs  a s  p 
fo r  (OOl)-growth and fi fo r  th e  ( l l l ) - c a s e .  T h is
in c r e a s e s  th e  ( 1 1 1 ) b in d in g  e n e r g y  w h erea s  th e  e f f e c t  (w h ich  i s  
sm aller  in  th e  ( l l l ) - c a s e )  te n d s  to  red u ce  i t .  The r e s u lt s  fo r  
L H l-E l b in d in g  e n e r g ie s  are  sh ow n  in  f ig . (7.2) w h ere  we se e  th a t  
E^ i s  la r g e r  in  ( l l l ) - g r o w th .
T a b le  7.1 M ateria l P aram eters  u se d  in  th e  c a lc u la t io n
AE =175 meV , AE =324 meV V  c
G a A s A 1 . G a  / -As .4 .0
m c 0 . 0 665 0 . 0 9 9
^ 1 6 . 85 5 . 4 9
^ 2 2 . 10 1 . 5 3 2
^ 3 2 . 90 2 . 2 5 6
ct^(  1 0 ^ m e V . A ^ ) -  1 . 9 6 9 -
0 ^ ( 1 0  ^ m e V . A ^ ) - 2  . 306 -
a ( 1 0  ^ m e V  ^ ) 6 . 0 8 . 0
c 1 2  . 56 -
The c o r r e c t io n s  d ue to  H2  f o r  a g iv e n  (Is)  t r a n s it io n  in c lu d e  
c o n tr ib u t io n s  from  b ou n d  and con tin u u m  e x c ito n  s t a t e s  (th e  
continuum  are u s u a lly  m ore im p o r ta n t e x c e p t  w hen tw o h o le  s ta t e s  
w h ich  in te r a c t  are a lm o st d e g e n e r a te  in  en ergy , su ch  a s  LHl and  
HH2, a s  d is c u s s e d  b elow ). The c o n tr ib u t io n  from  th e  unbound QW 
s ta t e s  i s  n e g lig ib le  fo r  th e  lo w e s t  h o le  s ta te s .  R egard ing th e
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Figure 7.1 H1-E1 exciton binding energy 
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Alo.4G ^g A s  barriers with, parabolic CB.
 Zero-order C orrec ted
10.5 ( 001)
S  9.5
CD
g  7.5
TD ( 111)
5.5
60 80 100 120 140
Weii w id th  (A)
Figure 7.2 L1-E1 exciton binding energy 
versus w id th  of GaAs wells between 
Alo.pao.gAs barriers w ith  parabolic CB.
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c o r r e c tio n  due to  boun d  QW s t a t e s ,  we f in d  th e  la r g e s t  c o n tr ib u tio n  
to  be b etw een  h o le  s t a t e s  o f  o p p o s ite  p a r ity . The H H l-E l (L H l-E l)  
e x c ito n  c o u p le s  s tr o n g ly  to  th e  LH2-E1 (HH2-E1) e x c ito n . In b oth  
grow th  d ir e c t io n s , th e  c o r r e c t io n s  to  H H l-E l t r a n s i t io n s  are  
p o s i t iv e .  H ow ever, t h e s e  c o r r e c t io n s  are sm a ller  in  th e  (111) c a se  
b e c a u se  th e  en erg y  se p a r a tio n  b e tw e e n  HHl and LH2 s t a t e s  i s  larger . 
On th e  o th e r  hand, th e  c o r r e c t io n s  to  th e  L H l-E l en erg y  d ep en d s  
s tr o n g ly  on th e  o r d er in g  o f  LHl and HH2 s ta t e s ,  w h ich  v a r ie s  w ith  
grow th  d ir e c t io n  a s  e x p la in e d  in  c h a p te r  6 . F ig . (7.2) sh o w s th a t  
th e  c o r r e c t io n s  to  th e  L H l-E l e n e r g y  i s  p o s i t iv e  in  th e  (001) c a se ,  
w h erea s i t  is  u s u a lly  n e g a t iv e  in  th e  (111) c a se . The co r re c te d  
b in d in g  en ergy  Eg i s  th e r e fo r e  sm a lle r  in  (1 1 1 ) grow th .
N o n p a ra b o lic ity  o f  th e  c o n d u c t io n  band can be in c lu d e d  in  b oth  
th e  d e term in a tio n  o f  th e  c o n fin e m e n t en erg y  and in  th e  p a r a lle l  
m ass e n te r in g  fj. and v a r ie s  w ith  d ir e c t io n  in  III-V quantum  w e lls . 
Up to  eq. (3.21) g iv e s  t h e  d is p e r s io n  o f  th e  b u lk  c o n d u ctio n  
band (d eterm in ed  by th e  p a ra m eters  m^, a^, (3  ^ and y^). In th e  
(OO l)-case, i t  le a d s  to  an e n e r g y -d e p e n d e n t  m ass [154]
* "'em (E)=m (1+aE) w h ere a =-— :z------------------ N e g le c tin g  n o n p a r a b o lic ity  in
" ( h ^ / 2 m ^ r “
th e  b a rr ier , th e  p a r a lle l  m ass m^^ n ee d e d  in  fi i s  g iv e n  by
2 m m 2 m m o o o ep  o e
If  (Zg) l  dZg
+(2« +(3  . (7.18)
| F® ( Z g ) l ^ d Z g
W e i 1 + B a r r i e r
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In th e  ( l l l ) - c a s e ,  we u se  th e  sam e a n a ly s is  and fin d
m^ ■ ^
a = - — = ( a  +—7 )  w h ereas (2 a  +13 ) i s  r e p la c e d  by (2 a _ )  in( h ' / 2 m j  0 0 ^
eq.(7.18). In f ig s , (7.3) and (7.4), we p lo t  and Eg fo r  H H l-E l 
and L H l-E l e x c ito n s  r e s p e c t iv e ly  w hen th e  e f f e c t s  o f  c o n d u c tio n  
band n o n p a r a b o lic ity  are in c lu d ed . The tr e n d s  are  s im ila r  to  th e  
r e s u lt s  o b ta in ed  w ith  a p a r a b o lic  c o n d u c tio n  band e x c e p t  th a t  th e  
e n e r g ie s  are h ig h e r  b e c a u se  th e  red u ced  m ass p i s  en h an ced . 
N o n p a r a b o lic ity  e f f e c t s  are m ore p ron o u n ced  in  th e  (001) c a se . Thus 
we s e e  th a t  th e  H H l-E l b in d in g  e n erg y  i s  a lw a y s  sm a lle r  in  (111) 
grow th  w ith  or w ith o u t n o n p a r a b o lic ity . M olenkamp e t  a l [158] h a v e  
fo u n d  s im ila r  tre n d s  in  (AlGaAs) quantum  w e lls  and good  agreem ent  
w ith  e x p er im en ta l sp e c tr a  i s  o b ta in e d . Band m ix ing  e f f e c t s  p la y  an  
im p o rta n t r o le  fo r  th e  v a r ia t io n  o f  L H l-E l b in d in g  en erg y  w ith  
grow th . In th e s e  s tr u c tu r e s , we f in d  th a t  t h is  e n erg y  i s  sm a ller  in  
th e  ( 1 1 1 ) c a se  com pared to  (0 0 1 ).
We s e e  from  f ig s .  (7.1-4) th a t  th e  e x c ito n  b in d in g  en erg y  fo r  
H H l-E l and L H l-E l t r a n s it io n s  in c r e a s e s  w ith  d e c r e a s in g  w e ll w id th  
(a t l e a s t  down to  60Â w h ere th e  e n v e lo p e  fu n c tio n  a p p ro x im a tio n  is  
u n d o u b te d ly  s t i l l  v a lid ) . The r e s u lt s  fo r  th e  (001) c a se  are  
s im ila r  to  th o s e  o f  E kenberg and A lta r e l l i  [154], con firm in g  th e  
c o n v e r g en ce  o f  our com p u ter program m es. It i s  in te r e s t in g  to  s e e  
th e  tr e n d s  in  th e  e x c ito n  b in d in g  e n erg y  fo r  h ig h e r  tr a n s it io n s ,  a s  
th e s e  are u su a lly  im p ortan t in  th e  p h o to lu m in e sc e n c e  e x c ita t io n  
sp e c tr a . We c o n s id e r  th e  c a s e  w h ere  e x c ito n ic  e f f e c t s  are  l ik e ly  to  
be th e  la r g e s t , i .e . in  th e  60Â w e ll c a se  in  ou r  c a lc u la t io n . The
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c a lc u la te d  z e r o th -o r d e r  and c o r r e c te d  b in d in g  e n e r g ie s  fo r  s e v e r a l  
HHj-Ei and LHj-Ei t r a n s i t io n s  are  g iv e n  in  ta b le  7.2. The 
c o n d u c tio n  band n o n p a r a b o lic ity  h as b een  in c lu d e d  in  th e s e  
r e s u lt s .  The z e r o -o r d e r  e n e r g ie s  d e c r e a se  w ith  in c r e a s in g  i (j) in  
b o th  grow th  d ir e c t io n s  b e c a u se  th e  e le c tr o n  (h o le ) s t a t e  p e n e tr a te s  
m ore in to  th e  b a r r ie r s  and becom es le s s  c o n fin e d  to  th e  w e ll  
m a ter ia l. For th e  lo w e s t  h e a v y -h o le  t r a n s it io n s ,  E^ i s  sm a ller  in  
th e  (111) th an  (001) c a se , b e c a u se  fi i s  sm aller . For th e  h ig h e s t  
h e a v y -h o le  s t a t e s ,  E^ i s  sm a ller  in  th e  (0 0 1 ) c a s e  due to  
c o n fin em en t (A^) e f f e c t s .  The o p p o s ite  o ccu rs  fo r  t r a n s it io n s  
in v o lv in g  l ig h t - h o le  s t a t e s .  The c o r r e c t io n s  d u e to  are
d if f e r e n t  fo r  d if fe r e n t  t r a n s i t io n s  and depend  on th e  p o s it io n  o f  
o th e r  h o le  su b b an d s w h ich  in te r a c t  s tr o n g ly  w ith  th e  h o le  su b b an d  
o f  in te r e s t .  The c o r r e c t io n  to  th e  H H l-E l e x c ito n  i s  a lw ays  
p o s i t iv e  s in c e  t h is  t r a n s it io n  i s  th e  lo w e s t  e x c ite d  s t a t e  o f  th e  
system . We s e e  from  ta b le  (7.2) th a t  th e  c o r r e c t io n  to  L H l-E i 
e x c ito n s  i s  p o s i t iv e  in  th e  (0 0 1 ) c a se  w h erea s i t  i s  n e g a t iv e  fo r  
(111) grow th . T h is e f f e c t  m akes th e  c o r r e c tio n  to  HH2-Ei n e g a t iv e  
in  (001) s tr u c tu r e s  and p o s i t iv e  in  th e  (111) c a se . T h is  i s  b e c a u se  
t h e s e  s t a t e s  c o u p le  s tr o n g ly  to  each  o th er . For th e  h ig h e s t  hole, 
s t a t e s ,  th e  c o n tr ib u t io n  from  th e  unbound QW s t a t e s  becom es  
n o n n e g lig ib le . As a g e n e r a l c o n c lu s io n , we se e  th a t  e x c ito n -b in d in g  
is  im p ortan t fo r  b o th  g ro w th  d ir e c t io n s  and can  m odify  
s ig n if ic a n t ly  th e  p h o to lu m in e sc e n c e  and p h o to lu m in e sc e n c e  
e x c ita t io n  s p e c tr a  com pared to  th o s e  w h ich  w ou ld  be e x p e c te d  
o th e r w ise .
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T a b le  7.2 E x c ito n  b in d in g  e n e r g ie s  in  meV fo r  
s e v e r a l  (Is )  t r a n s i t io n s  fo r  (0 0 1 ) and (1 1 1 )- 
grow n 60A G aA s-A l ^Ga ^As w e lls .
E le c t r o n  l e v e l sI uul  j g r o w th ' E E2
H o l e  1 e v e  1 s Z e r o - o r d e r C o r r e c te d Ze r o - o r d e r C o r r e c te d
H H l 9 . 2 3 10.  50 8 . 24 9 .  56
HH2 8 . 4 7 7 . 1 0 8 . 2 7 6 . 75
HH3 8 . 0 1 1 2 . 2 9 7 . 94 1 2 . 8 4
L H l 1 0 . 0 9 1 2 . 7 1 9 . 30 12 . 23
LH2 7 . 5 0 4 . 1 7 7 . 98 4 .  04
E l e c t r o n  l e v e l sI i l l  ; -  g row th " E l E2
H o l e  l e v e l s Z e r o -o r d e r C o r r e c  t e d Z e r o - o r d e r C o r r e c te d
H H l 8 . 9 5 9 . 7 7 7 . 6 8 8 . 4 4
HH2 8 . 3 7 9 . 8 2 7 . 75 9 . 2 3
HH3 8 . 2 5 8 . 5 9 7 . 65 7 . 9 9
HH4 8 . 0 0 7 . 9 1 7 . 48 7 . 4 0
L H l 1 0  . 08 9.  67 8 . 97 8 . 2 3
LH2 6 . 6 1 6 . 6 3 6 . 85 6 . 8 9
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7.4 EXCITON BINDING ENERGY FOR STRAINED
In G a A s -G a A s  STRUCTURES
We h a v e  se e n  in  th e  p r e v io u s  s e c t io n  th a t  th e  e x c ito n  b in d in g  
en erg y  d ep en d s on th e  d e g r e e  o f  co n fin em en t o f  th e  c o r resp o n d in g  
e le c tr o n  and h o le  s ta t e s .  U n ia x ia l s tr a in  o f fe r s  an e x tr a  d eg ree  o f  
freedom  fo r  v a ry in g  th e  c o n fin e m e n t o f  and th e  in te r a c t io n  b etw een  
th e  h o le  s t a t e s  th ro u g h  th e  ch a n g e  o f  band o f f s e t s .  At p r e se n t, one  
o f  th e  m ost w id e ly  s tu d ie d  s tr a in e d - la y e r  sy stem s is  
GaAs/In^Ga^_^As; w h ich  i s  a ls o  b e in g  grow n by th e  S u rrey  S tra in ed  
Layer S tr u c tu r e s  R esea rch  Group [159]. We th e r e fo r e  c h o o se  
p seu d om orp h ic  In ^Ga gAs/GaAs s tr u c tu r e s  a s  th e  m a ter ia l sy stem  in  
w h ich  to  in v e s t ig a te  th e  in f lu e n c e  o f  b ia x ia l  c o m p re ss iv e  s t r e s s  on  
e x c ito n  b in d in g  e n e r g ie s . A ll th e  s tr a in  is  assum ed  to  be in  th e  
w e ll m ater ia l. T h is s tr u c tu r e  h a s  a 1.4% la t t ic e  m ism atch  [159] and  
th e  w e ll i s  u nd er b ia x ia l  c o m p re ss io n . The m a ter ia l p aram eters fo r  
GaAs and InAs are ta k e n  from  ref.(70 ) and th o s e  o f  th e  tern a ry  
a llo y  are c a lc u la te d  by l in e a r  in te r p o la t io n  b e tw een  th e  b in a r ie s . 
The param eters u se d  are  g iv e n  in  ta b le  (7.3). E^ i s  d e fin e d  as  
th e  avera g e  v a le n c e  band  e n e r g y  a t  T w ith o u t  sp in  -o r b it  
in te r a c t io n . When th e  la t t e r  i s  in c lu d e d , th e  p o s it io n  o f  th e  fg  
ed ge in  th e  u n str a in e d  m a te r ia l i s  g ie n  by
The band s p l i t t in g s  and o f f s e t s  fo r  In ^Ga gAs/GaAs are c a lc u la te d  
u sin g  th e  m odel s o lid  th e o r y  o f  Van de W alle [70], and i l lu s tr a te d  
in  f ig . (7.5). We s e e  th a t  in  t h is  m odel b o th  h e a v y  and l ig h t  h o le s  
are c o n fin e d  to  th e  w e ll  m a te r ia l (ty p e  I) w ith  th e  o f f s e t  fo r  
l ig h t - h o le s  b e in g  ju s t  7meV. More r e c e n t  e x p e r im en ta l d a ta  s u g g e s t
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T a b le  7.3 M ateria l p a ra m eters  fo r  th e  en erg y  s h i f t s  in  
th e  s tr a in e d  s tr u c tu r e . U n its  are  in  eV e x c e p t  fo r  
C i^ /C ii (d im e n s io n le s s )  and a (Â).
Ev , a v Ao a c EP b ^ 1 2 ' ^ ^ 1 1 a(A)
GaAs - 6 . 9 2 0 .34 - 7 . 1 7 1 .16 1 . 5 2 - 1 . 7 0 .47 5 . 6 5
I n A s - 6 . 6 7 0 .38 - 5 . 0 8 1 . 0 0 0 . 4 1 - 1 . 8 0 .54 6 , 0 8
I n  ^Ga gAs - 6 . 8 7 0 . 3 4 8 - 6 . 7 5 2 1 .128 1 . 28 -1 .72 0 .48 6 . 2 8
16 9meV
53
1 0 0 1 0 0
HH
41 LH
---------  7 .3
75
U ns t  r a  i n e d H y d r o s t a t i c  s t r a in  U n i a x i a l  s t r a i n
F ig u r e  7.5 Band l in e - u p s  u sed  in  t h is  w ork
fo r  In _Ga «As/GaAs..Z .o
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a ty p e  II s tr u c tu r e  fo r  l ig h t - h o le s  [160]. We n e v e r th e le s s  r e ta in  
th e  ty p e  I o f f s e t  fo r  c o m p u ta tio n a l c o n v e n ien ce  and d is c u s s  fu r th e r  
th e  c o n se q u e n c e s  o f  a ty p e  II l in e -u p  below . The c a lc u la t io n  o f  th e  
b in d in g  en erg y  can b e  c a r r ie d  o u t  u s in g  th e  a n a ly s is  d e v e lo p e d  in  
s e c t io n  2 fo r  la t t ic e -m a tc h e d  s tr u c tu r e s . We a llo w  fo r  th e  
d iffe r e n c e  b etw en  h e a v y -  and l ig h t - h o le  o f f f s e t s  and we make th e  
e le c tr o n  and l ig h t - h o le  m a sse s  p r o p o r tio n a l to  th e  ch an ge  o f  
o p t ic a l gap w ith  s tr a in . The r e s u lt in g  param eters fo r  th e  w e ll are  
[161] y^=7.61, y^=2.33, ^^=3.12 and m^=0.06. The s t a t i c  d ie le c tr ic  
c o n s ta n ts  are ta k e n  from  r e f . (90) g iv in g  an in te r p o la te d  v a lu e  fo r  
In ^Ga gAs o f  13.08. N o n p a r a b o lic ity  o f  th e  c o n d u c tio n  band h a s  
been  n e g le c te d  fo r  s im p lic ity . The param eters fo r  th e  b a r r ie r  
(GaAs) w ere g iv e n  in  ta b le  (7.1).
The z e r o th -o r d e r  and c o r r e c te d  b in d in g  e n e r g ie s  fo r  H H l-E l and  
L H l-E l (Is )  t r a n s i t io n s  are sh o w n  in  f ig . (7.6). We c o n s id e r  f i r s t  
th e  H H l-E l t r a n s it io n . The z e r o th -o r d e r  b in d in g  en erg y  fo llo w s  th e  
sam e tren d  w ith  w e ll  w id th  a s  s e e n  in  GaAs-AlGaAs quantum  w e ll  
s tr u c tu r e s , in c r e a s in g  w ith  d e c r e a s in g  w e ll w id th . We n o te  h o w ev er  
th a t  th e  c a lc u la te d  c o r r e c t io n  to  th e  b in d in g  en erg y  due to  
in te r a c t io n  w ith  l ig h t - h o le  s t a t e s  i s  red u ced  by com p arison  to  th e  
GaAs-AlGaAs c a se , b e c a u se  o f  th e  s tr a in - in d u c e d  s p l i t t in g  o f  th e s e  
s ta te s .  We th u s  c o n c lu d e  th a t  th e  d ia g o n a l a p p ro x im a tio n  can be  
ap p lied  in  t h is  c a s e  to  e s t im a te  th e  b in d in g  en ergy  o f  th e  H H l-E l 
a b so r p tio n  ed g e  e x c ito n , a s  t h e  c a lc u la te d  e x c ito n  en e r g y  i s  in  a l l
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c a s e s  w ith in  ImeV o f  th e  v a lu e  d ed u ced  w hen m ix in g  e f f e c t s  are  
in c lu d ed , dow n by a  fa c to r  o f  2  on th e  c o r r e c t io n s  fo u n d  in  f ig .
7.1 fo r  G aA s-A l .Ga ,A s ..4 .6
T urn ing now  to  th e  L H l-E l e x c ito n ;  t h is  sh o w s som e in te r e s t in g  
b e h a v io u r  a s  a fu n c t io n  o f  w e ll  w id th , b e c a u se  o f  th e  sm a ll band  
o f f s e t  w h ich  we h a v e  assu m ed . The L H l-E l en erg y  f i r s t  in c r e a s e s  
w ith  d e c r e a s in g  w e ll w id th , a s  th e  e x c ito n  w ave fu n c t io n  becom es  
m ore com p ressed  in  th e  quantum  w e ll, lea d in g  to  an en h an ced  
b in d in g . H ow ever, in s id e  a c e r ta in  v a lu e  o f  L^ (120A) th e  w ave  
fu n c tio n  s ta r t s  to  sp r e a d  in to  th e  b a r r ie r s  and th e  b in d in g  en erg y  
becom es c lo s e r  to  th e  GaAs b u lk  v a lu e . T h is e f f e c t  i s  n o t  s e e n  in  
ou r c a lc u la t io n s  f o r  th e  H H l-E l t r a n s it io n  b e c a u se  th e  b a r r ie r s  are  
d eep er  (75meV com pared to  7meV fo r  l ig h t - h o le s ) ,  a lth o u g h  we w ou ld  
e x p e c t  i t  to  o c c u r  a t lo w er  v a lu e s  o f  L  ^ th an  ou r l im it  o f  60Â, a s  
h as in d eed  b een  s e e n  e x p e r im e n ta lly  by Moore e t  a l [162], The  
r e s u lt s  sh ow n  in  F ig . 7.6 fo r  H H l-E l tr a n s it io n  w ou ld  be s l ig h t ly  
m o d ified  i f  th e  v a le n c e  band  o f f s e t  was red u ced , s o  th a t  th e  
l ig h t - h o le s  e x p e r ie n c e d  a ty p e  II s tr u c tu r e . The H H l-E l b in d in g  
en erg y  w ou ld  d e c r e a se  b o th  b e c a u se  o f  th e  red u ced  h e a v y -h o le  w e ll  
d ep th  and th e  sm a ller  s p a t ia l  o v e r la p  o f  th e  h e a v y -  and l ig h t - h o le  
erîelop e fu n c t io n s  a s  th e  form er i s  c o n fin e d  in  th e  w e ll  m a ter ia l  
w h ile  th e  la t t e r  r e s id e s  p red o m in a n tly  in  th e  b a rr ier . The p r e se n t  
a n a ly s is  can no lo n g e r  be a p p lie d  to  th e  L H l-E l t r a n s it io n  w hen th e  
e le c tr o n s  and h o le s  are c o n f in e d  in  d if fe r e n t  r e g io n s  o f  th e  
s tr u c tu r e  b u t a red u ced  o p t ic a l  m atrix  e lem en t and no en h an cem en t
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o f  b in d in g  en erg y  i s  e x p e c te d  in  t h is  ca se .
Binding energy (meV)8
H1-E1 C orrec ted Zero-order
7
6
L1-E1
5
4
60 80 120100 180 200140 160
Well w id th  (A)
Figure 7.6 Exciton binding energy versus 
w id th  of stra ined in^pq^gAs wells 
between GaAs barriers.
In sum m ary, we f in d  th a t  th e  d ia g o n a l a p p ro x im a tio n  can  be  
r e a so n a ly  a p p lied  to  e s t im a te  th e  lo w e s t  e x c ito n  b in d in g  en erg y  as  
a fu n c tio n  o f  w e ll  w id th  in  s tr a in e d  quantum  w e lls  u n d er  b ia x ia l  
co m p ress io n , in tr o d u c in g  an erro r  in  c a lc u la te d  b in d in g  en erg y  o f  
l e s s  th an  ImeV in  th e  c a s e  c o n s id er e d .
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CHAPTER EIGHT 
CONCLUSION AND RELATED WORK
8 . 1  CONCLUSION
An id e a l sem ico n d u cto r  la s e r  s h o u ld  h a v e  a band s tr u c tu r e  in  
w h ich  b o th  th e  c o n d u c tio n  and v a le n c e  b an d s h a v e  lo w  e f f e c t iv e  
m ass. The n a tu r a l band s tr u c tu r e  o f  III-V  se m ic o n d u c to r s  s a t i s f i e s  
o n ly  one o f  th e  req u irem en ts . The c o n d u c tio n  band h a s a low  
e f f e c t iv e  m ass, b u t th e  h ig h e s t  v a le n c e  band  i s  a lw ays  
h e a v y -h o le - l ik e ,  w ith  a la r g e  e f f e c t iv e  m ass. V a len ce  band  
e n g in e er in g  is  p o s s ib le  com b in in g  quantum  s iz e  e f f e c t s  and u n ia x ia l  
s tr a in . Tha c a se  o f  b ia x ia l  c o m p re ss io n  o f  th e  a c t iv e  re g io n  i s  
more fa v o u r a b le  fo r  r ed u c in g  th e  e f f e c t iv e  m ass o f  th e  h ig h e s t  h o le  
subb and . Taking th e  e f f e c t s  o f  v a le n c e  band m ix in g , w e ll  w id th  and  
am ount o f  s tr a in  in c o r p o r a te d  in to  a c c o u n t, we h a v e  p r o p o sed  a 
s p e c if ic  In P -b ased  s tr a in e d  la y e r  se p a r a te  con fin em en t  
h e te r o s tr u c tu r e  la s e r  fo r  o p e r a tio n  a t 1.55pm. T h is  s tr u c tu r e  
c o n s is t s  o f  s tr a in e d  35Â w id e  Ga ...In  ^^As w e l ls  b e tw een. (o
In „ ,Ga  ^ .As _ b a r r ie r s  la t t ic e -m a tc h e d  to  InP. The th r e sh o ld  .oO . 1 4  . j  ,(
c u rren t d e n s ity  in  su c h  a s tr u c tu r e  i s  p r e d ic te d  to  b e  dow n by an 
ord er  o f  m agnitude co m p a red w ith co n v en tio n a l b u lk  la s e r s ,  w h ile  T^ 
i s  n e a r ly  d ou b led . T h ese  p r e d ic t io n s  are w e ll su p p o r te d  by r e ce n t  
e x p er im en ta l r e s u lt s .  We h a v e  a ls o  sh ow n  in  c h a p te r  5 th a t  
s tr a in e d - la y e r  s tr u c tu r e s  can  le a d  to  an en h an cem en t o f  th e  
r e la x a t io n  o s c i l la t io n  fr e q u e n c y  o f  se m ic o n d u c to r  la s e r s  as a 
r e s u lt  o f  th e  h ig h e r  d i f f e r e n t ia l  g a in  w hen com pared to  
la tt ic e -m a tc h e d  s tr u c tu r e s . The lin e w id th  en h an cem en t fa c to r  is
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a lso  p r e d ic te d  to  be r e d u c e d  in  th e  p r e se n c e  o f  s tr a in . T h ese  i
p r e d ic te d  en h an ced  d e v ic e  c h a r a c te r is t ic s  sh o u ld  be o f  c o n s id e r a b le  
a d v a n ta g e  fo r  o p t ic a l  com m u n ication  sy s te m s, a s th e  form er  
d eterm in es th e  m od u la tion  b a n d w id th  w h erea s  th e  la t t e r  d eterm in es  
p a r a s it ic  FM to  AM m o d u la tio n  and th e  d eg ree  to  w h ich  sp e c tr a l  
p u r ity  i s  degrad ed . R ecen t e x p e r im e n ta l r e s u lt s  con firm  th a t  
sh o r t-w a v e le n g th  s tr a in e d  InG aAs/G aAs la s e r s  h a v e  g r e a te r  
b an d w id th s th a n  e q u iv a le n t  u n s tr a in e d  la s e r s . The c o n tin u ed  
d ev e lo p em en t o f  grow th  te c h n iq u e s  (MBE, MOVPE,..) h a s  p erm itted  th e  
r e a lis a t io n  o f  s tr a in e d - la y e r  s tr u c tu r e s  dow n to  m onolayer  
th ic k n e s s . H ow ever, th e  lo n g  term  s t a b i l i t y  o f  t h e s e  s tr u c tu r e s  h a s  
s t i l l  to  b e  f u l ly  a s s e s s s e d ,  a lth o u g h  in i t ia l  r e s u l t s  lo o k  
p rom isin g . In v ie w  o f  t h e s e  c o n s tr a in t s ,  we h a v e  s u g g e s te d  in  
c h a p ter  6 th a t  (1 1 1 ) grow th  o f  u n s tr a in e d  s tr u c tu r e s  c o u ld  p r o v id e  
th e  l ig h t - h o le  cap to  th e  v a le n c e  b and  n eed ed  fo r  la s e r  o p e r a tio n . 
A lth ou gh  th e  en erg y  o v e r  w h ich  th e  l ig h t - h o le  cap e x te n d s  i s  n o t as  
la rg e  as fo r  s tr a in e d - la y e r  s tr u c t u r e s ,  we f in d  th a t  th e  th r e s h o ld  
cu rren t d e n s ity  in  th in  (1 1 1 ) la s e r s  co u ld  be red u ced  by a b o u t 2 0 % 
com pared to  e q u iv a le n t  (001) la s e r s .  We a lso  p r e d ic t  th a t  (111) 
la s e r s  sh o u ld  h a v e  b e t te r  s e le c t io n  o f  TE o v e r  TM m odes and th a t  
th e  n=l TM jump o b se r v e d  in  (001) s tr u c tu r e s  c o u ld  be e lim in a te d  i f  
th e  la se r  is  p ro p er ly  d e s ig n e d . T h ese  r e s u lt s  are con firm ed  by  
ex p er im en ta l o b se r v a tio n . F in a lly , we h a v e  c o n s id e r e d  th e  e f f e c t s  
o f  c r y s ta l  o r ie n ta t io n  and o f  s tr a in  on e x c ito n  b in d in g  e n e r g ie s  in  
c h a p ter  7. No en h an cem en t o f  h e a v y -h o le  b in d in g  e n e r g ie s  i s  fou n d  
in  th e  (111) grow th . In th e  p r e s e n c e  o f  b ia x ia l  c o m p r e ss iv e  s tr a in ,  
we fin d  th a t  th e  d ia g o n a l a p p r o x im a tio n  (w id e ly  u se d  fo r  e x c ito n
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b in d in g  en e r g y  c a lc u la t io n s )  i s  v a l id  to  a good  ap p ro x im a tio n .
8.2 RELATED WORK
It i s  c le a r  th a t  i f  th e  t h e o r e t ic a l ly  p r e d ic te d  en h a n ced  d e v ic e  
c h a r a c te r is t ic s  fo r  s tr a in e d - la y e r  la s e r s  can be r e a lis e d , t h e s e  
d e v ic e s  s h o u ld  b e  v e r y  a t tr a c t iv e  fo r  o p t ic a l  com m u n ication  
sy ste m s. T here i s  en o u g h  e x p e r im en ta l e v id e n c e  a b o u t th e  r e d u c tio n  
o f  th e  th r e s h o ld  c u r r e n t  d e n s ity  a n t th e  en h an ced  T^ and quantum  
e f f ic ie n c y . The en h a n ced  m o d u la tio n  ban d w id th  h a s  a lso  b een  
con firm ed  fo r  s h o r t-w a v e le n g th  la s e r s . H ow ever, fo r  lo n g -w a v e le n g th  
la s e r s ,  i t  h a s  n o t  y e t  b een  o b se r v ed  w h eth er  th e  r e la x a t io n  
o s c i l la t io n  fr e q u e n c y  i s  h ig h e r  and th e  l in e w id th  en h an cem en t  
fa c to r  i s  sm a ller . E x p erim en ta l co n firm a tio n  o f  t h e s e  p r e d ic t io n s  
i s  h ig h ly  d e s ir a b le . F u r th er  a t te n t io n  m ust be p a id  to  th e  
lo n g -te r m  s t a b i l i t y  o f  t h e s e  d e v ic e s . R egard ing th e  th e o r e t ic a l  
m o d ellin g , we b e l ie v e  th a t , a lth o u g h  th e  in tr a -b a n d  r e la x a t io n  
m odel can  d e s c r ib e  th e  b e h a v io u r  o f  sem ico n d u cto r  la s e r s ,  a m ore 
a c c u r a te  m odel i s  n e e d e d  fo r  a b e t te r  com p arison  w ith  e x p e r im en ta l  
r e s u lt s .  We a ls o  n o te  th a t  s im p lif ie d , m odel band s tr u c tu r e s  w ere  
u se d  w hen e s t im a tin g  th e  s tr a in  d ep en d en ce  o f  th e  m ajor lo s s  
m echan ism s o f  A u ger r e co m b in a tio n  and in te r v a le n c e  band  a b so r p tio n  
and s u g g e s t  th a t  m ore s o p h is t ic a te d  band s tr u c tu r e  c a lc u la t io n s  
c o u ld  be o f  in te r e s t  to  o b ta in  a m ore q u a n t ita t iv e  e s t im a te  o f  
th e ir  s tr a in  d ep en d en ce .
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APPENDIX 
STRAIN DEPENDENCE OF EFFECTIVE MASSES IN 
BULK m -V  SEMICONDUCTORS
The e f f e c t iv e  m ass fo r  a g iv e n  band  can  be d eterm in ed  by th e  
c u r v a tu r e  o f  th e  en ergy  diagram  up to  se co n d  o rd er  in  k. T h is m ass 
i s  u s u a l ly  o b ta in ed  n u m er ica lly  in  k .p  th e o ry  by d ia g o n a lis in g  th e  
m any-band  e f f e c t iv e  H am ilton ian  m atr ix  o f  c h a p te r  3, w h ich  sh o u ld  
c o n ta in  en o u g h  s t a t e s  in  s e t  (A) to  g iv e  a good  d e s c r ip t io n  o f  th e  
m a ter ia l. H ow ever, a n a ly t ic  e x p r e s s io n s  fo r  th e  e f f e c t iv e  m asses  
can  be d e r iv e d  in  th e  o n e -b a n d  m odel. In t h is  c a se , th e  s t a t e s  th a t  
are tr e a te d  e x a c t ly  a l l  b e lo n g  to  th e  sam e r e p r e s e n ta t io n  (th a t  o f  
th e  band u n d er  c o n s id e r a tio n ). The s t a t e s  in  th e  rem ain in g  band s  
are tr e a te d  by p e r tu r b a tio n  th e o ry . The g e n e r a l form  o f  th e  m asses  
can  be o b ta in e d  by th e  th e o r y  o f  in v a r ia n ts , a s  a fu n c t io n  o f  th e  
e x p a n s io n  c o e f f ic ie n t s .  T h ese  e x p a n s io n  c o e f f ic ie n t s  can  be d e r iv e d  
by a p p ly in g  th e  p e r tu r b a tio n  schem e o f  s e c t io n  3.1, We s h a l l  u se  
th e  o n e -b a n d  m odel fo r  th e  c o n d u c tio n  and Fg v a le n c e  band s  
s e p a r a te ly  in  th e  a b se n c e  and p r e se n c e  o f  s tr a in . The s t a t e s  in  s e t  
(A) are th e r e fo r e  d e g e n e r a te  a t th e  zone c e n tr e  and we w ill  be  
u s in g  eq . (3.8), w h ich  can be r e -w r it te n
r " - H '  H ' H' H' + H ’ H' H'H =E°ô +H ' -  ) mg a n  1 \  mg gp  pn mp pg an  mn m mn mn o 2  , _ o  , . 0  \ 2E ^ - E ^  " ( E " - E " )g g m pg a m
H ' H ' H'  mg g /3 Bn
w h ere m, n , p are in  s e t  (A), and g, (i in  s e t  (B).
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1 CONDUCTION BAND
In th e  u n str a in e d  m a te r ia l, th e  e f f e c t iv e  H am ilton ian  up to  
ord er  fo r  th e  band i s  [59]
o c
The o r ig in  o f  en erg y  h a s b een  ta k e n  a t  th e  c o n d u c tio n  band edge. 
U sing eq. (A l) w ith  H'=H^+H^^^ and n e g le c t in g  H^^^ g iv e s  [53]
m 3mc o
(A3)
with M^= I <S I p^ I X> I  ^ and and A being the bandgap and spin-orbit 
splitting.
The f i r s t  term  on th e  R.H.S o f  (A3) r e p r e s e n ts  th e  f r e e -e le c tr o n
d is p e r s io n , w h ereas th e  se c o n d  and  th ir d  term s r e p r e se n t  th e
in te r a c t io n  o f  th e  F, band  w ith  th e  F  ^ and F„ v a le n c e  bandso 0 1
r e s p e c t iv e ly . The r e s t  o f  th e  b a n d s are  assu m ed  to  be fa r  in  en ergy  
and are n e g le c te d  in  (A3).
In th e  p r e sen ce  o f  s tr a in  c , th e  ch an ge  in  e f f e c t iv e  m ass in
2t h is  o n e-b a n d  m odel can be o b ta in e d  by  in c lu d in g  term s o f  o rd er  ek  
in  th e  e f f e c t iv e  H am ilton ian . T ab le  A l g iv e s  th e  term s n eed ed  fo r  
th e  F  ^ band in  th e  p r e se n c e  o f  (0 0 1 ) s tr a in  (we h a v e  n o t in c lu d ed  
th e  term s th a t  do n o t s a t i s f y  tim e  r e v e r s a l) . We h a v e  o b ta in ed  th is  
ta b le  u s in g  th e  c r ite r ia  d e s c r ib e d  in  s e c t io n  3.2.
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T a b le  A l e k  term s n eed ed  fo r  band.
f ( e , k 2 )
E v en
k ^ tre ; 3 ( k ^ e ^ ^ + c .p )-k ^ tr e
We se e  th a t  th e  e f f e c t iv e  e k  H am ilton ian  can be w r itte n
Hcc f , 22 " P2 3(k^e +c.p)-k^trcX X X  ^ (A4)
w h ere p^ and p^ are e x p a n s io n  c o e f f ic ie n t s .  U sing  eq . (A l) w ith
H'=H, +H +H , +H, +H , Pi an d  p_ can  be o b ta in ed  in  th e  g en era l  K e CK Kso e s o  ^ 1  ^2
c a se . H ow ever, th e  term s H, and  H and g e n e r a lly  sm a ll and cank so  e s o   ^ ''
be s a fe ly  n e g le c te d . T h er e fo re , H^^_ w il l  c o n s is t  o f  th e  term s
c k “
c o n ta in in g  and H^H^^H. .^ We f in d  th a t  th e  la t t e r  term s
(co n ta in in g  tw ic e  th e  k .p  H am ilton ian  and on ce  th e  s tr a in  
H am ilton ian) are u s u a lly  la r g e r  th a n  th e  form er. In t h is  c a se , we 
f in d  p^ and p^ to  be g iv e n  by
o L(Eg.A)2 e |
P2=jà~'^^  bo Eg Eg(Eg.A)J
(AS)
(A5)
w h ere a^, a^ and b are  th e  d e fo rm a tio n  p o te n t ia ls  d e sc r ib e d  in  
c h a p ter  3.
Com bining e q s . (A2-A6), we f in d  th a t  in  th e  p r e se n c e  o f  (001)
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s tr a in
^  '4 (A7)O ^  o p
=“ ^  + (P i-P 2)tre  + (3P zk xx
H P i-P 2 )trc  +(3P2)e^g . (A9)
We s e e  th a t  (001) s tr a in  m akes th e  e le c tr o n  m ass a n is o tr o p ic  w ith  
r e sp e c t  to  th e  s tr a in  d ir e c t io n . The d eg ree  o f  a n iso tr o p y  v a r ie s  
w ith  th e  m a ter ia l p aram eters b u t i s  g r e a te s t  in  narrow  gap  
m a te r ia ls  (E^ sm all).
2 VALENCE BAND
The sam e a n a ly s is  can  be a p p lied  to  th e  Fg v a le n c e  band. 
H ow ever, th e  s itu a t io n  i s  m ore co m p lica ted  b e c a u se  t h is  band i s  
fo u r - fo ld  d eg e n e r a te . In th e  a b sen ce  o f  s tr a in , th e  e f f e c t iv e  
H am ilton ian  i s  g iv e n  from  eq . (3.17) by n e g le c t in g  th e  C term s. 
T here are th r e e  e x p a n s io n  c o e f f ic ie n t s  and In th e
p r e sen ce  o f  (001) s tr a in , ta b le  A2 g iv e s  th e  term s n eed ed  fo r  th e  
Fg band. We s e e  th a t  th e r e  w il l  be 7 e x p a n s io n  c o e f f ic ie n t s  and th e  
H am ilton ian  i s  q u ite  co m p lica ted . H^^„ can be w r itte n  as
ek"
H ^^, =H  ^ +H_ +H_ , (A.IO)
ek" 1 ^5 3
w h ere H_ = [b .k ^ tre  +b_(k^e + c .p ) ] l .  (A .ll)1 ^ 1  2^ X X X  4
H t3 = b 3 t r c [ k 2 ( j 2 - l j 2 ) .c .p ]  .b ^ c ^ ^ (j2 - ij2 )k 2  (A.12)
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Hp = b^tre(k^ k U^+c.p) +b^(k k  c^^U^n-c.p) (A.13)
w h ith  th e  m a tr ices  U^,.. a s  d e f in e d  in  ch a p te r  3.
We h a v e  n o t a ttem p ted  to  d e r iv e  th e  e x p r e ss io n  fo r  th e  ex p a n s io n  
c o e f f ic ie n t s  from  th e  p e r tu r b a tio n  schem e. We b e l ie v e  th a t  th e s e  
term s are n o t im p ortan t and th a t  th e  dom inant s tr a in  e f f e c t  in  th e  
v a le n c e  band a r is e s  from  th e  l in e a r  term  In o u r  a n a ly s is ,  we 
h a v e  n e g le c te d  H „ and c o n s id e r e d  th a t  th e  l ig h t - h o le  m ass is
p r o p o r tio n a l to  th e  o p t ic a l  gap , w h ich  i s  a f fe c te d  by
T a b le  A2 e k  term s n eed ed  fo r  band.
f  ( e  ,k^)
E ven
f'l k ^ t r e  :
/ 3 ( k ^ - k 2 ) t r c  ; V 3 k ^ (e ^ ^ -e ^ ^ )  ; ’ P^
'^ 3 ( 2 k ^ - k ^ - k 2 ) t r c :  k ^ ( 2 e ^ ^ - e ^ ^ - c ^ ^ ) :  2 {k^  ( t r e - 3 e ^ ^ ) + c  .p )
k y k g t r e  ; 2 k ^ k ^ ( 3 c ^ ^ - t r e )
^5 k ^ k ^ tr c  : 2 k ^ k ^ ( 3 e ^ ^ - t r c )
k ^ k ^ tr e  : 2 k ^ k ^ ( 3 c ^ ^ - t r e )
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